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1.0 SUMMARY

An Bnergy Bfficlent Bngine (83) Program was established by HASA to
develop a technology for improving the energy efficiency of future commercizl
“trauﬁyart asircraft. As & part of this progrem, General Electric designed,
fabricated, and tested a new turbofan englne. This report describes the
design and test of the control and fuel system for the General Eloctric Fnergy
Efficient Engine.

The control snd fuel system for the ES was based on mery of the
proven concepts and component designs used on the CE CF6 engine family. One
significant difference was the incorporation of digital electronic computaticn
in place of che hydromechanicsl computation used on current transport alrcraft
enginea. The timesharing capabilities of the digital computer accommodated
the additionsl control functioms required for the 33 without computer
hardware duplication. The improved accuracy and flexibility of digital
computation permitted engine control strategies that improved efficiency and
reduced deterioration. The digital control slso offers improved
aiveraft/engine integration capubility.

For the Es TCLS (Integrated Core/Low 3pool) turbofan demonsgtrator,
the system performed six control functions. Tt controlled fuel flow, fuel
flow split (to two combustor zones), compressor stators, and three independent
clearcnce control air valves. The system also provided condition monitoring
data. For the core engine test that preceded the ICLS, system functions were
the same except that the compressor stator control function was deleted
(stages are set'individuslly by o test facility control system for
experimental flexibility) and all fan/fan turbine related functicns were
delated. The system for a production engine would be the samz as for the ICLS

with the asddition of ignitiom and thrust reverser control.

System components for the demonstrator engines included (1) the digital
control (which is a modification of 2 design produced under the Uavy FALEC
progran, (2) a modified ¥101 fuel pump and contrel, (3) modified CF6 stator

actuators, (4) modified FL01 IGY sctuators for alr valve actuation, (5) a
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number of air valves modified from existing designs, and (6} several
custom-designed components including fuel flow split control valves, control
node transfer valves, and & compressor clearance control air valve. An
off-engine digital control was used for the core engine, whereas an on-engine
design was used for the ICLS. For a production 83. dual redundent digital
controls would be used initially, but it is ancicipated that in-service
development will produce & digitsl control with reliability equivalent to

current coentrols so that ultimetely a single-chennel control will suffice.
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2.0 INTRODUCTION

The Bnergy Bfficlent Engine (Ea) Program Was a program established by
NASA to develop a technology that would improve the ensrgy efficiency of

propulsion systems for subgonic commerelal alrerafi of the later 1930°'s and .

" esrly 1650's. The specific mejor objectives of the program were to develop a

technology that would provide at least a 12% lLumprovement in cruise epecific
fuel consumption snd a 5% improvemsnt In direct csperating cost relative te a
current commercial sireraft engine, the CF6-50C. These lmprovemenis were to
be schieved within the restrazints of strict new noise limits as given in
PAR-Part 36 (July 1978 revision) and emissions limits are given in the
Janusry 1981 EPA standard for such eagines.

. TP

Beyond the overall program objectives, design objectives slso were
esteblished for the varicus elemenis of the Es. For the fuel und contrul
gyctem, the primsry objective was to define a systom that thoroughly exploited
the engine‘'s fuzl conservation features, provided operational capabillity and
relisbility equal to or better than current transport engine control systems,
and to employ digital electronic computstion suitsble for interfacing with v
alreraft propulsion and flight control computers. The system thus defined was
demonstrated on the full-sesle core and ICLS (Integrated Cora/Low Spool) tast

engines which were a part of thé 33 program.

This report describes the control end fuel system design and documents
the performaonce observed as the system wes bench tested and subsequently run

on the E3 denonstrator engines.
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3.0 CONTROL AND FUEL SYSTEM REQUIREMENTS

The 83 control and fuel system was designed to meat several
contractually specified general design requirements established during the
preliciniry design phase of the program and to maet functional regquiremants
establighed by the nature of the ecngins itself (Figure 1 cross section).
Thege :-1ulrementy are glven balow.

3.1 GEBERAL DESINY REQUIREMENTS

Bigitel Computation - The system employed digital electronic
computation rather than the hydromechanical computation used in current

transport engine controls. This wes done beczuse the digital computer
provided more schaduling flexibility of controlled variables; had timesharing
capability so that meny control functions were performed without computer
hardwars duplication; could interface dirsctly with sircraft system computers
which, by the late 1980's, will also be digltal; snd offers the promice of
lower cost by taking advantage of rapid electronics industry advances in
circuit integration and sutomated menufactuce.

Alrcraft Interfacing - In conjunction with the previous requirement,
the system was designed to interfsce with a typical aireraft control
computation system,

ower Mensgement - The system incorporsted power mansgement capability
which sutomatically optimised performince with minimum flight crew input.

-Sengor/Actuator Failure Tolersnce - Computational techniques were
employed to meke the system gencrally insensitive to fallures in digital

control input sensors and output actuators so that redundancy of these
elements was not nenessary.

Relisbility - System reliablility by the time of introduction into
service shall be equal to or better than the reliability achieved with current
transport englne hydromechanical control system. In a senge, thig requires
improved reliability because the 83

4

syastem performs more control functions.
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3.2 FUNCTIONAL DESIGH REQUIREMENTS

The design of the E3 ICLS requlired that the control system have

outputs as shown on Figure 2 and it performed the following functlons:

e Hodulated fusl flow to zontrol thrust.

L © Split fuel flow to ths two zones of the double-snpular combuator.
oot ) ¢ Positioned core compressor verisble stators for best compressor
" performanca.

o Positicned alr valves for independent active clearance control of
the compressor (Stages 6~10) and the HP and LP turbines.

8 Provide condition monitoriag data to the engine operating crew.

o i e
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HP Turbine
Heating
Valve Position

‘ (FPS Only)
Compressor Clearance WP Turbine

Valve Position

Clearance
Valve Position

LP Turbine
Clearance
Valve Position

Fuel Flow
and
Core Stator Flow Split

Vane Position

Figure 2. Ccntrol System Outputs
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4.0 BASIC SYSTEM STRUCTURE

considoration of design requirements, particularly the cne regarding
digital slectronic computsation, led to the definition of @ basic system
structure as shown in Figure 3. The digital control was the central element
in the systew. It received input signals from the control room and from
various eungine sensors, it provided servo signals to control the oubtput
devicoe shown, and it reccived posliion feedback signals from the output

devices.

Figure 4 shows pictorially the inputs that were received from outside
of the control system. Seven temperatures vere sensed including fan inlet
gir, compressor inlet and discharge air, WPT discharge gas, and engine skin

temperatures in the three areas where active clearance control was provided.

Air pregsure inputs to the cystem included freestream total pressure
which was indicative of the aversge pressure at the fan inlet and compressor
dischacge pressure. A pressure s5ensor Was provided for HPT discharge pressure
which is a potential thrust control parameter for the FPS design. This was
not demonstrated on the core or ICLS test vehicles,

Inputs were slso received that were indicative of fan rpm and core rpw
the latter being suppllied from = core rotor-driven control slternator which
also served as the primary source of electrical power for the digitsl
control. The control also received 28 volt d.c. power from an external source
for use during starts end se an slternate power supply in the event of an

alternator failure.

Command date was provided to the digital contrel through a multiplesed
digital link which simulated un sircraft interface connection. The primary
conmand input was the positior of the engine operator's power lever, but the
data link was also used to trunswit adjustments and salectsr awitch positions
from & control room Operator end Engineering Panel which provided experimental

flexibility for demonstrator engine testing.

i
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The data link also included a separate channel for transmission of - ’
multiplexad digitel engine and control system data to the control room,
thereby simulating an aireraft engine monitoring connection. These data were
displayed on s CRT and made asvailable for the demonstrator engine test

instrumentation systen.

Control strstesy for the various Es control syztem functicns was
contzined in the digitel control's program memory. Output signals were
generated by the control end then trensmitted to the warious actuation devices
in ordor to control tham in sceordsnce with the control strategy. Some of
this control waz done on an opon-loop basis, but most was done closed loop by
utilizing electrical position feedback signals frem the actuation devices.

All of the sctuation wes dons with fuel-powered actuators using excess
cepaclty from the engine fuel punp through slectrohydraulic servovalves which
respond to the digital contrcl cutput signals. '

Centrol outputs for the fuel valve and compressor statér actuators were

handled differently from all others in that they were transmitted to transfer

devices czpable of providing switchover te hydromechanical control for these
two variables only. In the event of a diglital control system malfunction,
fuel and stator control shifts to the hydromechanical backup plus all other
controlled varizbles are set nt sefe positions so that the demonstrator engine
would continue to run satisfaciorily and could be shut down in a safe manner

for correctlion to the malfunction.

Systam élements and system operstion are discussed in more detail in

the sections which follow.

4.1 PELIVERY AHED COWTIRQL OF PURL, FLOW

4.1.1 FURL SYSTEH DESICY

In designiﬁg the fuel gratem, it was recogrlzed at the outset that many
of the considerationz for establishing the highly successful fuel systeﬁ
degigns on current trensport engines, such ss the CFé, are ocqually
sppliceble. Therefore, the system wae patiterned after the CF6 system in meny

11
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ways, with modificetions made mainly to reflect the use of a digital control
and a significantly different combustor. A diagram of the fuel system design !
that resulted for the ICLS engine is shown on Figure S.

tn engine-driven, positive displacement vane pump with an integral
centrifugal hoost clement is used in the syctem for pumping. Pump diecharge
’ fuel paasscs through a pump-mounted filter and into the fuel control mounted on
tha end ¢f the pump. {

In the fuel control, fuel metering is accomplished by the combined
operation of the metering valve and a bypass valve that returns exgess fual to
the inlet of the vane pump element. The bypses valve maiﬁtains a fixed
Gifferenticl pressure across the metering valve so that the metering valve
area determines the amount of fuel flow supplied to the'engine combustor. In

thé primary operating mode the metering valve is positioned by the digital
control, and in the backup mode (discussed further in Section 4.4..1) it is

positioned by the hydromechsnical computer. A transducer on the metering
valve provides posltion feedback to the digital control.

Metered fuel passes out of the fuel control through a pressurizing
valve which #8 necessary to maintain sufficient pressure to operate fuel
servos at low flow conditiong and through a cutoff valve which provides a
means for positively shutting off fuel to the engine. The fuel then pagsas
through a flowmeter (which is included to provide experimental test data) and
an engine lube oil cooler. Downstream from the cooler the fuel flow iz split,

part going to the pilot zone and part going to the main zone of ths
combustor. On/off valves in the main zone and pilot zone lines provide a
means for modifylng lecal fusl-air ratios in the combustor under certain

conditions as exploined below in the discussion on fuel flow splic control.

4.1.2 FUEL COMTROL, STRATRECY

Fsn speed wos selected as the basic fuel control parsmeter. Control

strategy for fuel flow is shewn in block dingrem form in Figurs 6.

Fuel flow, for the most part, is modulated to control fen or core robor i f .
speed in sccordance with the vower lever angle (PLA) schedules shown as blocks i
12 ' N o
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in the conter and lower left portion of the diagram. For ICLS, the schedules

are set up

so that the core speed schedule is in effect from idle to

approximately 30% thrust and the fan speed schedule is in aeffect above that.

Limite are imposed on the basic schedules to prevent excessive HPT

inlet temperature (calculated), excessive LPT inlet temperature (T42), and

excessive compressor dischaerge pressure (pPs3). In eddition, transient fuel

schcdules and limits are included to (1) prevent compressor SUCER during roto

accelerations, (2) prevent losg of combustion during rotor decelerations, and

(3) limit thermal shocks (by 1imiting fuel flow rate-of-change). The

schedules and lLimits are combined ir 2 selection network which establishes

priorities

and assures smooth transition between control modes. A manual

input is included to provide the capability of adjusting fuel flow from a

control room potentiometer to explore subidle engine characteristies.

The

cutput of the selection network is a fuel metering valve position

demsnd that operates a position control loop to positicn the valve, thereby

setting the desired fuel flow.

4.1.3 PUEL FLOYW-SPLYIT CONTRGL, STRATEGY

The

y

double-snnular combustor shown in Figure 7 required that fuel from

the main fuel metering valve be split between pilot and msin zones. The

required flow-split characteristics are listed below.

Start Mode - Full fuel flow was required tc the pllet zone to assure

ignition and best combustion during acceleration to idle.

Hode - Full Puel flow to the pilot zone was required at idle when

Run

not in flight to provide minimum exhsust emissions. Above idle or in flight,

fuel is required to both zones.

Decel Mode ~ Two experimental options are provided if decel Dlowoutb

problems sre encountered:

a.
b.

Temporary switchover to enriched main zone

Temporary switchover to pilot zone only

4
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Transition - For transition to full burning mode, main zone flow must
be temporarily held low to pravent pilot starvation as main injectors fill.

The control sirategy designed to meet these requirements is shown on

Figure 8. The block at the upper left providea the basic on/off logic for the
main zone shutoff valve and the blocks at the bottom provide the pilot zone

reget that is part of this transition wode. The blocks in the center provide
the main zons throttling funectlon to prevent pllet zone starvation during %‘
transiticn to full burning. The duration of throttling is variecd as @

function of total fusl flow as indicated by main fuel mstering valve positlon

and as a functien of the time since last main zone operation.

The decel mode logic is shown in the block at left center., Englineering

Pt

panal adjustmants required to trigger this mode are provided so that this
function can be modified or deleted altogether from the control room during

engine operation.

A manual mode is also provided for both the main zone shutoff valve and
the pilot zone reset valve which allows each valve to be independently b

positioned from the control room during engine operation.

The outpui of the main zone shutoff logic network operates the main
zone volve through a control loop that includes position feedback so that the ?}
valve can be set at any position from fully closed to fully open. The pilot A
zone reget valve servocontrol does not include position feedback so this velve
can only be set fully open or fully closed.

4.1.4 FUEL CONTROL LOOP DETAILED DESIGH

Design details of the fuel control strategies just described were
definzd primarily on the basis of predicted engine cycle charscteristics using
dats from the computer model of the engine at steady gtate (cycle deck) and

dsta from transient computer models derived from the steady-state model.

The bagic fuel control system scaedules of core and fen rpm as
functions of power lever sngle were designed so that the relationship between

sngle snd thrust is nesrly linesr at ICLS operating conditions. The
17
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scheduleg, shewn on Figure 9 and 10, are designed so that the corrected fan
rpm schedule is normally in effect above approximstely 70° power lever snd ths

corrected cove Tpm gchedule is in effect below.

Thoe dynamic characteristics of the fuel control leoop were designed by

. the uge of linear gtability analysis technicuos end by the use of a tranasiend

model of the englne and conkroel on @ hybrid computer.

The transient engine model wes bosed on the gtoady-octate cycle deck
with component gubroutines programmed directly from the cycle deck sourcs.
The bleck disgram in Figura 1l shows the informstion fiow through the modal.
The disgraom consists of blocks connected by fiowpath techaiques. These blocks
reoresent the component subroutines just noted. Eech block is identified by
the engine-component thermodynanic function represented therein. TInputs to
the engine components on each pass include fiight conditions, itevatlion
variables from ths jiteraticn logie, roter speeds from the cotor simulations,
and control verisbles from the control glmslation. Compregsoy bleed ond
horsepowar extraction are not shown but are included. Separate blocks
represent inputs snd outputs for the iteration logle, retovr asimulations, and

control simulatlion.

The stsbility enalysis offort snd the transient model work resulted in
control system dynamic characteristics that produce the engine transient
characteristice shown im Flgure 12 which iz a set of ¢ata traces shouing &

£aat decelecratlon follgwad by a fast acceleration on the transient wodal.

Th&'dynamic deslgn work just described wos timited to the region sbove
idle because the engine cycle deck and transient model are 1imited to that
region. Therefore, & geparate subidle sugine model wes prepared to ald in
desipgning the trongient ch&racteristicg in the startiug region. This model
was patterned after & simllar subldle medel for an existing angin& and
adjusted to mateh predicted che racteristics at jdle. It was further adjusted
when sctual subldle data becsas svalleble from component testing of the

comprossor end HP turbine.

Flgures 13 and 14 show typleal auhlidle model data pertinent to control

of fucl flow and to choice of a sterber. Deslgn objectives eall for o

e
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60~gecond start on a standard day, while maintaining at least 10% compressor
stall margin and limiting turbine inlet temperature to 1228 K (17506° F)
m&xi@um. A preliminary fuel schedule meeting the latter two criteria igs
plotted on Pigure 13 and the resulting core rotor torgue characteristic is

shown in Figure 14.

4.2 COFTROL _OF COUPRNSHSOR STATOR VANES

4.2.1 CCOEPREZSON STATON ACTUALION AND COMTROL

On the ICLS engine the comprassor IGV°s and the first four shator
stages woers varisble and ganged., A system of levers and sanular vings
surrcund the compressor go that the stsges move simuliznecusly with 2
stage-to-stage relationship established by linkage chavacteristics. As shown
in Figure 15 the linkage is operated by a.pair of fuel-driven ram actuators
that are normally controlled by the digital contrel through an
electrohydraulie servevalve., Position feedback to the control is provided by
a position transducer connected to the actuation linkage. In the event of a

digital control system fallure, contrel of the statoer zctuators transfers to

the hydromechanical control which provides a basis schedule similac to that in

the digital control. This is described further in Section 4.4.
On the core engine the compressor IGV's and the firgt gix stages were
verigble and were individually controlled by Test Pacilities provided

equipment.

4.2.2 COMERDSSOR STATOR CONTEOL STRATECY

The conventional practice of scheduling compressor stator angles as @
function of rpm and inlet tewperature is used for the EJ, but the added
computaticnal capability offerad by the digital comtrol is utilized to

supplement the basic schedule :nd to further expleit the potential of varisble

stators to improve engine operstion and performsnce.

Figure 16 iz @ Block disgram of the siastor contrel strategy. The basic

schedule is shown in the nexi~to-top block on the left with the modifiers

applied to it through downstresom cummstions. The modifiers are deseribed

balow,
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Approach Resat - This feature in effect provides an alternate schadule

that closes the vanes much further than normal in the approach thrust range. |,
};l This results in higher cove rpm during approach, thus making it possible to

. regain high thrust mere quickly in the event of an aborted landing. This
i{ . concept, tried biefly during the WASA/GE QCSEE pregram, is included in the

33 program so that it can be explored further.

? E Rzin Reecet - HBxperience with CF6 engines has shown that heevy rain
i cauces a reduction in comprossor inlet temperature (T25); rapid terminstion of
- rain, cowbined with 125 sensing lag, can cause compressor stalls.  This reset
causes a small gtator vane closure when sensed T25 is tess than calculated T25

lu (28 it will be in heavy vain), thereby increasing stall mergin.

Speed Match Reset - Experience has shown that engine detecioration
often results in a reduction of core rpm relative ¢to fan rpm and a

54 corresponding reduction in core efficiency at eruise thrust setiings. Thig
}{ function detects a deviation from the normal cove rpm/fan rpm relationship and
Q# adjusts the stator vanes to restore the eriginal relationship.

Irznsient Reset - The basic stator schedule is degigned to provide
optimum steady-state compressor performance. But it is not necegsarily the

best schedule for rotor speed transients. For this reason, a transient

o | schedule reset was included to provide potentially improved transient
& characteristics. Basad on past experience, it is expected tl it a stator resetl
in the closed direction will provide additional transien: surge margin and

better transient characteristics. A reset proportional to the rate of change
of speed is incourporated for empirical evaluation.

Switches are provided as shown on the block diagram (Figure 16) to
}; sllow the above mcdifiers to be disabled during the test program so fhat they

ERVEN

IEMITEARGTT D

L S AW T

’5 cannot interfere with normal stator scheduling. Also, adjustments ace
:‘f,.\
@ included (not shown on disgram) to eliminate the effects of individual
- modifiers.

30
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4.3 ACTIVE CLEARANCE CONTROL

4.3.1 ACTIVE CLEARANCE CONTROL MECHANIZATION

There are three separate active clesrance control systems on the 33:
one for the aft stages of the compressor, one for the HP turbine, and one for !

the LP turbine. They are shown schematically on Figure 1.

Clesrance control in compressor Stages 6 through 10 s schieved by
passing & variable flow of Stsge 5 bleed air over the compressor casing in
this region to provide & thermal sdjustment of casing dimensions. The Stage 5
air extracted for LET purge is ported so that it can flow threugh the
compressor clearance control chamber and through an external bypass pipe. Alr

from these two flowpaths is ported to a rotary three-way valve which is

designed to provide virtually constant total flow but a flow split between the

two flowpaths that varies with valve rotor position. The valve is positionad
by a fuel-operated servoactuator controlled by the digital control. An
electrical transducer within the actuator provides position feedback to the

controi.

Turﬁine clearance control is achieved by impinging variable amounts of
air, independentiy, onto the HP and LP turbine casings to provide thermal
contrel of casing dimensions. Both systems utilize fan discharge air picked
up by scoops in the fan duct pylon wall and passed through variable area
butterfly valves. These valves ave independently positioned by fuel-operated
servosctuators similar to the one used for compressor clearsnce ccentrol., The
HPT cleerance control system also includes a provision ror introducing
compressor discharge sir oﬁto the casing. Studies, using the clearance mnodal
described below, revealed the desirability of using this air for a brief
pericd immediately after engine start in crder to establish proper clearances
quickly and, thereby, eliminate the possibility of a rub if the engine is
accelerated before the casing can heat up naturally. The studles showed a
similar festure which was not needed for the LP turbine. This feature was not

demenstrated on the core or ICLS test vehicles.

s et
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4.3.2 CLEARANCE COWTROL STUDTES LHD CORTROL STRATEGY DEFIHITLOR

The conirol stratogy for the clearance econtrol systems wad established

to mect & set of general objectivas &8 1igted baloed.
o Provide minlms practical elenranee ab erunige powsr gettings.
e Provida cubra c;Oﬂvnmﬁa for takeoff/cliub menauver deflectlons.
e Prevent hot rotor veburst rubs.
e Fuil-sefe (L.0., to maximen clegrance).

@ Provide menual vemote control of clearance air valves for core/ICLS

experimental flewibility.

in proceeding wi h the task of defining 8 eonktrol strategy for the
clesrence control syrotoms, consideration was given to tho uee of direcst
clegrence censing to provide fecdbaek information to the digital contvol snd
thus allow direect control of clearantes. Clearanca sennlng on ait operating
engine hes been demonetrnted on an expevimentol pecle, but the sothods sre nob
for enough clong in dovelopment Lo meRe then Faaeible for use on initiel FPS
éngin@s. Thus, it was nscesssry to develop 2 econkrol strategy that docs not
depond on clearance senaing.

A mathewabienl

7o anscist in the definition of cleswante econtrol steab
wodas Ofbtéﬂ cogine and contrel elements 1avelved in setlive clearancs aountrol
were wtilized, These wre dincussed in sows dotsll in Reforenns 1. Typical
dats from the Ea clespnned model is ghoun tn Fhgura 18. This heppong Lo he
for the HPT, but 36 is typiecal of 211 thies syotead. 7t shews that tha gychem
is copeble of moduleting the stesty-state cicarance abt tozcaff conditlons from
0.279 to 1.346 mm (0,011 Lo O.053 in.) with the fen 3 A bl@eﬂ.flcw within the
Panges established LY engloe wycle conglderstions (0.3% of cove ajvflow,

monimm). This filgure alog Lhows ghint elenranne §nring

wiiately after

& rapld robow secelerntlon Wit & g lyen swount of cooling 1o e

ety Less than

the oteady-state cleapence with that 2 spount of ccoling.
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HPT Rotor Tip Clearance, mils
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results in an interference at the end of the

coolinz condition shown actually
i for such interference, the

eliminate the potentia

acceleration. In order to
¢ on cooling as @& functioen of

model data suggests thet a limit must be impose

rpm. Figure 19 ghows just such a linlt.

1sc revealed that an orderly

As wight bhe expected, the model &
sslag temperature, and

n steady-state cleardnea, o

relationship exists patwee
The charactaristics shovn

tines in Figure 2G6).
o a5 o Sunction of rotor Upm

A trajectory for

rotor rpm (shown by the solid
¢ that a schedule of casing temperstur

an indirect method of controlling clearanca.
ghe trajectory was agtablished on the

here Sugges
could serve &8
such @ schedule ls shown on rigure 20,

basis of the following criteria:

o Set the desired minimum running clearance of 0.40% cm (0.016 in.) at

maximun crulse conditions.

e Provide sdditional clearance up to 0.635 mm (0.025 in.y at takaoff

ahd climb conditions to accomodate manouver deflections.

e Set additional clearance at lower crulse power gektings to prevent

inadequate clearance translently after an acceleratlion.

o Provide meximum clearance &t power settings bhoelow cerulse to provide
little of the total angine

ample mergin for sccelerations. (Very
fuel consumption during normal flights cecurg in this power sebting
gible effect on

region; thus, the extrs clearance margin has neglli

fuel use.)

The initisl schedule derived in this mannor is shown in Figure 21.

sdules are defined in terms of parameters corrected to core

NHote that the gch
similar schedules were derived in the same mannar

engine inlet temparature.
for compressor and LPT clearance control.

In order to &SCess the translent effects of scheduling casing

temparatucs {end thus steady-state clesrance) in the msnner Just deseribed,

the schaduleg were tncorporated into the clearance model and tranglients were
BT clesrance model duriﬁg‘an

pun. Flgure 22 shows typical ¢ata from the I
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Figure 19. Preliminary HP Turbine Accel Clearance Margin Curve.
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acceleration. This data reveals another desirable cheracteristic of the
casing temperature scheduling concept. For nearly three ninutes after an
accelaration from idle to takeoff power, the caging temperature is below
schedule and the clearance control valve is closed. The thermal
ctmr:'mtemmﬂcs without casing coocling are such that clesraice remains in
the0.635 to 0.762 cm (0.025 to 0.030 in.) range, thereby providing the
additional mergin desired for the engine deflections Ehaﬁ oceeur during takaoff

and initisl climb.

Aceel truasient rund on the compressor clearance modal also revealed an
intoresting characteristic. Bs ghown in Figure 23, the temperabture of the
gtage 5 clearance control air is higher than casing temperature for about @
minute after an acceleration from idie to takeoff power. By rotating the
clesrance control valve to the maximum cesing flow position during this
perlod, casing growth cen be accelerated to help provide the extra clearznce
margin dasired for tokeoff and {initisl climb. A model Tun ghewing the effect

of this festure is shown in Figure 24,

With the casing temperature gcheduling concept successfully
demonstratéd on the clearance model, detsiled clesrance control strategy
definition proceeded. Figure 25 is @ blocl disgrem of the strategy for the
HPT clearance control systems. The basic casing temperature scheGuling
function is shom in the upper left part of the disgram. The docel override
ghown below this wes sdded to prevent rubs in the event of hot voter reburst
(that is, a dacgleraticn followed by an scceleration before the rotor, which
cools slower than the casing, hasg reached gteady-state temperatur@). A rapld
deceleration coauses the clearsuce control valve to cloge and remsin closed
until the casing temperature reaches the normal steady-state jevol. If the
ongine is ceaccelerated pefore steady-state remperatures are estoblisghed, the
decel override 1is desctivated and the casing temperature schedule functlons

normally.

. A menual control moda is also provided. When the manual mode is
galected, the eir valve is positioned a8 8 function of a potentiomater on the
digitsl control operater penel in the control room 2o that clegrance conkrol

gystem characteristics can be experimentally avaluated. A decel override is

&0y
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included in the monual mode to preclude a hot rotor reburst with the air valve
inadvertently left open ifter a decel. This overrlde, once activated, remains

in effect until manually reset.

- In addition, the block diagram of Figure 25 showus the casing healing
features thet provides quick warmup wfter an engine start sc that an immediate
acceleration to high speed can be made without encountering & rub., In

theasuvtomatic control mode, thip on-off function ie triggerad as a furction of

< casing temperature with the velve open below steady-state idle temperature and
o closed above. A manual mode is alse provided. Tohe casing heating feature was

not included on the test englnes but would be part of & sroduction engine
design.

The control strategy for the LP turbine is functionally the seme as for

the HP turbine, except that no casing heating feature ig i{ucluded. Clearznce

model runs showed this repid puststart warmup is not necessary for the LP
turbine.

Pigure 26 shows the control strategy For the compressor clearance

Ty

control. It includes a basic casing temperature regulator, & decel override,

and a manual mode that all function the same as those in the turbine ¢clearance

control systems. 1In addéition, it includes an air temperature override which
positions the valve to cause clearsnce control air to flow over the casing
when the air temperature exceeds the casing temperature. 7.ig is the extra
acceloration margin feature dageribed earlier. To eliminate the need for 2
clesrance contrel zlr temperature sensor, this temperature ie colculated from
ompressor discharge pragsurs and compressor inlet temparature, both of which

are already sensged by the control system for other reasons.

B— o g
o i R R S AT A T
N . A .

4.4  PAILURE PROTECTION

Protection ageinst failures that csn cause control ox engine

¥

operational problems ig an improtant aspect of any contrel wystem design. For

T e~ T

the Ea gystem this is particulsrly important becnvse the @iyital control and

e

associated elemsnts are in o relatively early stage of deveiopment. Control
redundancy is one conventional means of providing such protection; hence, ¢ual

44
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redundant digital controls are proposed for the preduction engine system. .
Becsuse the definition and implementation of redundancy was considered beyond

the scope of the present program, less costly failure protection featurcs were

incorporated for the cova and ICLS engines. These are described in the
paregraphs bealow.

4.4.1 HYDDONMICHARICAL BACRUP COHTROL,

The teg: engine countrol system includes @n FLOL hydromechanical wain
engine control which {s uged primavily for its fuel metering sectlon,
controlling fuel flow in response to o signal from the digital control. The
contrel alsc includes a hydromechanical computing section. This section is
employed to provide backup control of fuel flow and core stator actuator
position. Figure 27 is a general schematic of the backup system. Figures 28
and 29 show additional functionsl details.

In the primary mode, the latching solenoid valve positions the transfer
valves so that the fuel metering valve snd the core stator actuators are
controlled by the digital contrel throuéh the electrohiydraulic fuel end stator
servovalves. When the latching solenoid is energized to the baclup position,
the transfer valves move to their backup position., Here the fusl metering
valve and core stator actuators are both controlled hydromechanically by the
fuel control. Im this condition a2 position switch on the svator trensfer
valve signals the digital control to deenergize all cutputs so that built-in
offsets in the output devices cause all other contrclled varisbles to go to
safe positions. The valves controlling fuel flow split go to the full burning
condition, the start blead and start renge turbine cooling valves close, and
the clesrance control valves go to the maximum clearance position. The lLatch
feature in the solenoid valve assures that the exlsting econdition, either
primary or secondary, is reteined until a definite signsl i received calling
for a node change.

A selector switch in the control room sets the basic system operating
mode (Figure 26). With the gelector in the normal positlon the gystem will
normally be in the primsry mode, but it will switch to backup position 1€ (1)
the digital control power supply voltage is low, (2) if the digital control

galf-test computsztion shows a fault, or ¢3) if a core rotor overspead cccurs
46
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which sends a fuel pressure signal frem the fuel control to an overspeed .-

pressure switch. Sslector switeh positions are also provided that set manual ;

s Rk

mode only, primary mode only, or existing imode only operation. A

4.4.2 SERSOR_FALLURZ PROTECTION | | -

The digital centrol system imcorporates & numbor of elaectrical sensgors
that are necsssary for proper system and englne operation., Provislons mugt be
mede to accommnodsbe cecasionsi sangor fallures without significant operstional

effect. Thio could be dome with senser redundsncy, bub this adds coat,,

increases maintenance activity, and reguires additionsl mounting provisions on
the engine. Iastead, the computational capebility of the digitsl control is Lo

v
k

i
rf‘s
!
'
i
v
t

utilized to provide tha egquivelent of genser redundancy without multiple
sensors by employing a failure indlication and corvective actiom (FICA) concept.

The bazic FICA concept involves the incorporation of a simplified
engine model in the digital control softwere, along with sensor fallure
detection logic which wmonltors gsemsor signals and replaces failed signals with
wodel-generated substitutes. A mathematical filter technique (extended Kalwman
filter) is used to continucusly update the engine modsl using data from all

Figure 30 is & diagram of the FICA. The engine model, outlined in the
center of the dlegrem, is initialized with sensed inputs. It then continues

to compute the state-of-engine varisbles based on inputs from (1)
environmental sensars, (2) the fuel control loop (fuel flow rate of change)d, f”
and (3) the model/sensor signal commparison through the update materixn. If any %
of tha sernsor signals deviate from the equivalent computed shate verisbie by
more than & predetermined acceptable amount, the computed veluye is substituted
in the control strategy. The error for that varisble is eliminated from the
update process, and the modal continues to compute all stste variables with

suitsble sccuracy.

In the demonstrator cagine program the FICA concept was demongtrated on CA

the ICLS engine. The core engine had a loss extensive conbtrol symtewb(no

LoT-rolaked contrel and slave controls for core stators), employed a simpler,

t
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out-of~limit strategy for sensor failure protection. When any gensed input
beyond the normal operating range the digital control takes the following s
action:
Core Speed - Indicate seclf-test fallure, switeh to
backup mode
Cora Inlet Temperature - Substitute valve from manual T25
potentioneter on oparator pangl
Compressor Discharge -~ Substitute valve cazlculiated from cove
Temperature speed and inlet temperature
Compressor Discharge -~ Substitute value ecalculated from core
Pressure speed and smbient pressure (as indi-
cated by potentiomster)
Exhaust Gas Temperature — Substitute vslve calculated from cove
' speed end inlet temperature
Casing Temperature - Set assoclated value at maxirumn clesr-
snce position
Compraessor Clesrance . Set control ocutput tc zere, valve goes
valve Position to maximum clearsuce position
Turbine Clearance Valve -~ Set control output to zero, valve goes
Pogition to maximum clesrance positicn
Main Zone Shutoff rosition - Sat control output ko zero, valve
opens
Fuel Metering Valve Porition -~ Indicate self-tasst rallure, switeh %o
baclup mode.
Power Lever Positicn ~ Swltch te backup wmode
52 i
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These out-of-limlit functions were also included in the ICLS control

gystem for uvse when the non-FICA mode is selected end also had final authority

when FPICA was gelected.

3

;"' : The digital control also includes provisions for responding in a safe

7”/ B - ganser Eo certalin fuel valve poaition gensing fallures that cvesult in large

errors within the nermel operating range. (Loss of corisin electrical

connoctions to the fusl velve pesition rreneducer ¢an Cause guch 2 fasilure.)

e controel monltors rote of chenge of fuel valve position and, when it

detects @ rate in execes of the normal maximum rate that persists long enough g
to indicate it is nut cruged by vendom electrical nolse, it switches to the '

backup mods. In thiz way, it protects against 8 sensor failure that could

csuse an insdvertent and excessive rise in fuel flow. The stator control

system incorporated the same feature for the ICLS vehicle test.

4.5  DIGITAL COHIROL

4.5.1 GEZERAL DESCRIPTICH

i Ok The digital contrel is a full authority digital slectronic centrol
.1'_“_ (rapEC) designed for operaticn of the integrated core/low spool (ICLS)

o E configuration. It is engine wmounted end air cooled. For normal operation,
S A alectric power i8 provided by the engine-driven slternstor. For engine

] . ‘_{ gtarting, and in the event of alternztor failure, power is provideé from ﬁhe

N . girframe (test cell) 28-volt hus.

2 The coﬁtrol is housed in 2 rect&ngulér chassis with four mounting feat,
: one locuted at each curmers to suppert the chagsie to the sttaching points of
the ougine frame. A two-sided cold plate separates the chagsis into two
compartments. The multlilayer cersmic modules are mounted on the cold plate in
the shallow compartrent. The discrate modules cre mounted te the cold plate
in the deep compartment . Cocling &ir Eldwa through the finned passage
gaparating the twe mounting sides cf the cold plate. Eiectric interface with

the control is through seven wall-nounted electrical connectors. two alr

Progsures are piped to the countrel and penetrate the chassis wall to the

nadule pressure gengors/transducers, Housed within the control chassis are 4

miltilayor ceramic modules, 16 discrote potted modules, 2 wire-wrap ecireult

bosrds, 1 relay, aad 8 adjuvstment potentiometers.
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A partition wall in the deep compartment metaliically shields tha powar ,

supply functions from the remsinder of the control to elininate electrical
noise interference. All wires between the compartments penatrate the shisld
only through suitacble ENL (electromagnetic int&rferenca)‘filters.

Tha digital comtwol accepts inputs from inolde end outside the control
syeten. The outputs control gignale to the conktrel system asg @ function of
control syekom strategy which is prograrmed into the contrel. Inputa and

outputs a2 ehowa on Figurae 31.

The simplified schenastic (Figurs 32) showe the input/output secbion,
ths processor sectlionm, gnd the miscellancous gection. The jnput/ocutput
gection includes the 16-bit buffered data bus (BD-bug) as its data path to the
central processor. Digital information is passed from the inputs onto the
BD-bus through the trigtate buffer to the data bus (D-bus). pigitsl
information is also pacsed from the D-bus through the gristate puffer onte the
BD-bus and into the ocutput circuits. All data tranemigsion is dome under

control of the centrel processor snd on 8 timesharing basis.

The processor section consists of an sédrass bus (AD-bus) and a D-bus.
All dats information into end out of the control will pass ovar the p-bus and
into the processor. ind sll destination information will psss over the AD-bug

end will deternine the sourca or dostinsticn of data present on the D-bus.

The niscellaneous gsection contsins a lincar verisble phsge transducar
(LVPT) excitation driver, s erystal control elock oseillator, and sn

alternator-driver power source with a 28-volt d.c. pover source cs a8 baclup.

The digltal coatrol provides the computaticnal capability for the

gelected control system. All of the control law PLOBLems, signal

conditioning, date processing, and input/eutput eepsbllitien needed to provide

the desired englne operation and snterface with the zensors and zctuation

couponents ore jncluded in the control.
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Inguts

A. Position Feedbacl
(LVPT)

Outputs
A. Position Demand
(Torque Motor Drivers)

Fuel Heteving Valve A ity Fuel Metering Valve
Main Zone Shutoff Valve frmmarmneeree ST o] Main Zomz Shutoff Valve
Core Stators | e iy Core Stators
Comp Clesrance Velve e Z T e waemencn [T Cemp Clearsnce Valve
HPT Clearance Vaive remmanme e T e BPT Clearance Valve
LPT Clesrance Valve i R -2t LFT Clearance Valve

8. Other B. Otherw
RPM, Core I -
RPM, Fan | SN W pigital Backup Selector
. Control
Temp, Fan Inlet {(RTD) l—-—-ﬁgm . —gw»] Pillot Zone Reset (on~0ff}
Temp, Core Inlet (RTD). g fred D Excication
Temp, Turb Gas, (T/C)  — o LVPT Excitation
Temn, Comp Case (I/C). Tam— oz HPT Casing Beating (on—off)¥
Temp, HPT Case (T/C) | -t
Temp, LPT Case (I/C) Bemermeenizizne
Tewp, Comp Cischarge (x/c) e
Altitude Ambiaont Pressure |eee———Ez
Component Discharge Pressure Y50
i Aircreft
C. Pouer P——— Interface
Engine Alternator ™
28 Volts QC fw——w—¥mw
*FPS Only

Figure 31.

Digital Control - Inputs and Outputse.
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Power Supplyl
28 vdC

Power Supply
Alternato?

!

LVPT Clock
Driver ogcillator
¥omory Dat2 55 Bus {9)
Registel

op Bus (9)

L

e Dus (36

p-Countes p——""

Rotor Speed

Control

gus Control (6) ]

Precgure

LVPT

EARES

Progren !(16) (7 }ucoory Data Intermediate Anatog Huz Seratch §
#ewory | Register Buffer A/D & Buffer Pad
- 1 Honltor l
i i P
! uP Memory Trocessst b Bus (16)
23

—— —

——— —

Arzlog
Conditioning
Cirecult

Analog Input

gD Bus (16)

3 m———

Ralay

self-Test
Driver

HonitoT

/o Control

Transfevr

Figure 32.

e Y Y,

T Driver

interfsce

Digital Contfol gchematic.




4.5.2 MICROPROCESSOR

The central processing unit (CPU) is besed on an array of four 4-bit
microprocessors cascaded to handle the 16-bit word. This is a fully parallel
machine operating at 3.5 iz clock rate. Pigure 33 shows 3 gimplified block
disgras of the 4-pit slice AMD 29201 ricropracessor used in the control.
Festures of Chis processor are (1) special purposs, (2) fractional, (3) two's
complenent, 4 quedrant, (&) microprogrammed, (5) 3.5 uHz cloek rate, (6) 64K
word Program memory addressing capability, (7) 5i2-word RAH gize, (8)
¢4-instruction repertolirs, (9) lﬁwbit word size, and (10) low-power Schotthy

7L logic Eamily.

This processor is microprogrammable which enabled its design to be
tallored for this engine control application. such tziloring makes it a
special-purpose machine. This 16-bit machine computes algorithms using
fractional arithmetic in two's complement notation and has 64 '
microinstructions which include:

e Input, output, ané sn address strobe instruction

e Load instructions from various sources

o Add and substract instruction of differvent locations

e A sgtore instruction that places data in a specified location of

read/write memory
e A four-quadrant muleiply and divide instruction
e Register exchange instructions
o Wagnitude with 1imit instruction
e Various limited instructicns to prevent data overflow

s Eighit- and left-shift instructions
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Figure 33. AMD 2901 Microprocesssr Block Diagram.
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4.5.3.4 Scratch Pad Memory

The scratch ped memory is used for temporary valués during the
calculation process as the program is executed; it is a 0.5K random access
memory (RAM) having read/write capability. BEach location is availsble for
input snd retrieval of data. The REM ie located inm the digital processor MCH
HBS (Al6 module).

4.5.3.5 Microprocaessor Hemory

The microprocesser memory i the repository for tha processor
instructicon set., This ig s read-only memory (ROM), accessed by the
microprocessor during exscution of the control program., The KO is loceted in
the digital processor module HB2 (Alé module).
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5.0 SOFTWARE_DEVELOFHENT

5.1 SOFTWARE DUVELOPHENT AND VERIFICATION PROCESS:

e Software for the digital control was developed following a six step
T process as iilustrated im Pigure 34 and summarized below.
1. Generate the softwsre performancs snd design requirements: rveview i

these two requirements to verify sdequate coverage and

understanding of the control systam requirements.

2. Code softwsre modules and test. The modules sre defined in the

above software performance and design requirements. Hodules for

elements such as control lsws, schedules, and switching logic are
coded in FORTRAN HOL for compatibility with a FORTRAM dynamic
engine model (which is used in Step III to perform initial testing
against the control system requirements). Modules for elements
\;5,\.~x‘ ~ which require special machine instructions (such as self-test) are

coded in assembly language; these assembly language modules are

tested with a software emulator.

\g\\ : 3. Intcgrate software modules and test. As shown in Figure 34, a
~u » dynamic computer simulation is used to test the integration of the
modules coded in the FORTRAN HOL. Such testing is quite effective

in finding software errors at an carly point in the design process,
and it eliminates the expense of many compiles/assembliés to
machine code during the de-bug process. Figure 35 describes the
dynamic computer simulation used to test the integration of the
modules. This closed-loor simulastion includes computer models of

N the HOL control code; gansors, actustion systems, and the énginé .
trensient performance. Thus, the code can be conveniently tested
over a range of conditions, during both sstic and transient

operation.

4. Compile and sssomble the total source file; test machine ccde with
the Software Transient Simulator. This Simulator tests the finsl !

machine code file (which results from tha merger of the ssgembly
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Computer
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Code Engine
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; Aircraft
é Interface ,
g - Computer Models
2 m of Actuation
i Systems
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Figure 35. Dynamic Computer Simulation to Test Integration of
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6.

code and the HOL coded portions of the software) in the Host
computer, uging a PADEC emulator to gimulate the operation of the
target computer. The Software Transient simulator makes possible
closed-loop testing of the machine code in a totsl computer
environment and has groven to be quite effectiva in de-bugging the
tokal code over 2 range of oporating conditions, both gtatically
and ﬁynamically. As 11justrated in Pigure 36, the alewnents of the
Softuare Transiont Simuletor &9 the emulator subroutine, the
actuator/outputs subroutine, an engine aigltsl transient
) perfornance model, the sensotsliﬁgut subroutine, and the mastal
input gubroutine. The crmulator gubroutine simﬁlates the functional
operation of the target computer with respect to the software
instructions contained in the files fbr the program asnd congtants
memories. piagnostics from the emulator provide tnformatlon on

cverflows, timing, register contents, and wemory contents.

Load machine code into breadhoard for the control and test with an

electronic test bench, which includeg an jntecface gimulation ang &

real time engine model.

Using the machine code validated in step 5 aboves this code is
progrsmmed inte Programaable Read-only memories (PROM'S) gnd the
PROH't are jnserted into the actual FADEC which is then tested with

the alzctronic test bench.

The above described six steps for the software development and

verification process were uged to generate the software for the control

Systeti.

subsequent to this development and verification procens &re the

control systems rosts, which are discussed in Section 6.
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6.0 CONTROL SYSTEMS TEST

Two control systeas tests were conducted: one prior to the core

pystem test did not inslude ha

charecteristics prior t

the two comtrel system tashs,

The some hardware Was used for both 8y

Reguits of the core control systemns test

o itg use on the core,

test vesults will be coverad in detail.

vehicle test end the second prior to the ICLS vohicle test.

stem teats (the ecre control

rdware reguired for the 1018 test vehiele).

demonstrated the functicnal

which dua to the aimilarity of

only the results of the XICLS contreol systemns

6.1 TEST BPURPOSE

This program wag conducted in order to 6emonstra£e the functional
characteristies of the ICLS engine control system prior to its use on an
engins. '
6.2 CONCLUSIQHS

e The overall functioning of

the Ea control system is gatisfactory.

o The fuel control will sutematicaily switeh to the backup

hydromechanical control if:

- i a. Backup is menually salected
i
% .
i b. Engine is shutdown
i (; '
,/ ¢. Alternator fails or ¢igital core speed signal fells out-of-limlts
i strategy
i
é. Meteringvvalva feedbach signal falls out-of-limits or feedback

gensor failure strategy
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e. Cora stator velve feedback gignal fails out—of-limits or feadback

gensor fallure strategy

€. Core speed 2as gensed by hydromachanical control exceeds averspeed

trip peint

To engage the prioacy pode gll faults rust bo clesred and the operator

must momantarily gelest the primary” pogition of tha B/U relay coptrol (until

the control data display no longer Shows the backup mode in effoct) and then

gelect the “normal” pogition.

e The baclup hydsomachanical control ceuld we used for starting,

providing provisions are made to position the mein zone valve.

e Sufficient flexibility hes been programmed into the diglical control
to provide manual or automstic trensition from pilot ouly to pilot

and mwain zsone combustion.

e Accel gchedule, fuel flow calibration, core stator gchedule, and PLA

‘schedule are with acceptable 1imits.
o Overipeed tcip to the pactup mods is fully functional.
@ Operation of all air valve actuators i satisfactory.

e Dynsmic elements of the control system, 88 evidenced by the core and
fan speed {requency response test and the five position icop step

responscs, 8re setisfactory.
e Protection segtures of the digitel control are eperationalo

e Pailure Indication and Corrective Action (FICA) can Gemonstrate
single software failures of core speed, fan gpeed, comprassor inlet
temperulure, COMpLEsoor discharge temperalure, 1P Turbine inlet
temparatuls, and Compressor pischerge Pressure (cop). It should be

noted thah enabiing FICA with nominal PS3 error btelerance will

disable the function of the stall dump kit by gubstituting estimated

(FICA) P83 for sensed PS3.

e e e e T T e S ST s Sacar R Y RS . - ——



6.3

e e s

RECOMMENDATIONS

The control system 82 tested (except for the fuel pump drive gplina)
should be used for engine test. Hotae: Visable wear wes cbserved on

the drive spling. %O 1t was veplaced prior to ghipment to the engine.

Ensure thet all connactors are propecly ingtalled and gacured

(lockwire or RIV) price to eagine runniog.

Prior to switching ko primery wode determined thal:

Comprensor, H2 murbine, LP Turbine clearance valves &re closed. The
nain zone chutoif valve ig open. Tha core gtator valve has
positioned the gtator per the backup schedule. This is an
jndication that these valves are in their proper position and that
they will funetion properly.

The preferable way ©o teansition from pilot only to pilot and mein
is by uaing the autcmatxc mode. This mode ensures proper sequencing
of the valves and {s repeatable. Hote it will be necessary to
utilize the manual node to optimize yransition prior to uging the

sutomatic mode.

The actual engine fual flow, as measured by instrumentation vs.
digital comntrol caleulated fuel flow calibretion should be validated
and adjusted as required.

The engine operation, where FICA is to be demonatrated. be
thoroughly mepped srior to activating FICA. The P33 tolerance limit
pe set to the meximum prior to activating FICA, and set to nominal

value only when demonstrating a P83 fallure,

The stall dump kit should be tested with PIc4 in the urack mode and
recorded on & strip chart recorder to dstermine FICA spracking when

the stall Gump trip is magdge.
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6.4

6.5

N
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6.5.%

GEEERAL THFORMATIOR

TPS Ho. SB1156
paete Test Started: pDacember 23, 1982
Date Test completed: Jonuary 21, 1383

Potal Test Hours: 48

TESE PARTS
B HAERRR

Hoggnelagure
pigital control
Adaptor BoX
Conkrol Alternator
Fuel Pump (WFP)
pPuel Control
HMain Pilter
gServo Filter (2)
Overgpeed Pressure switech
usin Zone shutoff Talve
pilot Zone shupoff Valve
Core Stator LVPT
Core Stator Hech. Peedback
712 Seusow
125 Sengor
T3 Sensor
Compressor Clesrauce Control hetuator

HP Turbine Clesrance control
Actustor

Lp Turbine Glenrancs Conﬁrol
Actuator

peseripticn
4013295416
EC1651
9728M71PCA
4013295-286P0%
£013295-028601
4013295-034G01
ACU-2466-510%
4012345-677TECL
4013145-684601
4013295-360601
4013145-357P03
4013296-57CF02
7059HATPOL
7059M47PO0L
4013205246
4013295-2976G01

4013295-031602

. 401.3295-031G0L

e




6.5.2

6.5.3

6.5.4

6.6

6.6.1

CONTROL ROOM EQUIPMENT

Aircraft Interface simulutor (ALS)
Ope:ator/Engineeting panel (CEP)
Data/Compluter Display (CRT)
Display Interface unit (PIV)
Digital to fnzleg connector (DFA)
pData Printer

Shefé gncoder (PLA) Baldwin 5V242
Backup Selectro Unil

Pawer Supply (28Y) HP6267R

CABLES
Wl
W2
W3
Wa
WS
w8
W9
W40
w51
w52
W53
wss

Adaptor Box Cable ECL691

PACILITY UARDWARE

Core Stetor Actuator (2)

TRST SET-UE

4013265-795G01
544601
-546G01
_547G01
-541601
~545G01
4013295-543601
4013295-549G01
4013262-045G01

~0A45C02

—045G03
4013262-045605

960 7TK29P06

The tegt parts were aet-up in Cell 44, Buiiding 703. The wvarious test
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parts were set-up as shown in Figure 37.' The controi room seb~up and
”
electrical cables were connected 2s shown on the ~ ICLS engine fue) and

control system drawing.

6.6.2

Seperate simulationg of the pilet zone aud wnia zore fuel nozzles were

providsd.

6.6.3

e R N AR A I SRR NSRS

Shop alr was provided fer cooling the FAREC.

6.6.4

Powar to the digital control was provideé from two sources: a 28 volt

DC power supply anéd the engine alternator. The control power cupply is

degcigned to use DC power (balow (40%) and trengition ro s.ternate power as

speed in increased. Transition is compicted at approximately 0% speed.
o b 6.6.5

y ] _ Two decsde boses were provided teo simulate fan and core sir inlet

T temperature, as required.
o 6.6.5

s A dial-a~-volt source wWas provided to sinulate thernocouple inputs.

;o 6.6.7

Two Systron Donner Sp~-20 Anmlog Computsrs were uged te tle the two
drives (pump and alternator), simulated pneumatic (ps3), ond aimulated LP
5 s Turbine Inlet Temysrature (r42) together to provide transient Lesting

capabliity.
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6.7  INSTRUMENTATION
6.7.1 TEST FACILITY

gre listed below and shown in

74

Instrumentation provided as part of the test fzcility and test set-up

Parsmeter

Fuel Pump Inlet Pregsure
Fuel Pump Inlet Temperature
Fuel ?émp Disceh, Pressure
Fuel Pump Diech. Temperature
Fan Disch. Temp. Sensor 4

Hydromech. Comtrol Disch.

Prassure

Hydromech. Conkrol Disch.

Temperature

Hydromech. Contrel Disch.

Flow (Turbine)

Hydromech. Control Disch.

Flow (Ramsapo)

Pilot Zone Manifold
Pressureo

Pilot Zone Hanifold PFlow
Hain Zone Manifold Pressure
Fuel System Return Pressure

Simulsted CDP Pressure

Servo deturn Pressure

Servo Supply Pressure

Hydromach. Power Lever Angle

Hain Drive Speed

Alternator Drive Spazed

Plegure 3740

Syrbol
Py

@

PL

TL
APFDT

P2

THEY

WER

WPF2Z
PMZ

PRET

PS8
PLA
w2

H2*

Ronge
{0-100-PSIG) |
(0-1O0°F}
(0-1500 BSI&)
(0-250°F)
(0-200¢ PSID)

(0-10G PSIG)
(C-250°F}
(300-12000 PEH}
(300-12000 PPH)
(0-100 PSIG)

(0~7000-PPH)
(01000 PSIG)
¢0-100 PSIG)
(0-600 PSIG)
(0-100 PSIG)
(0-1500 PSIG)
0-130 DEG
0-8000 RPM

0-30000 RFH

689.5 ¥Pa

17.8 - 37.8°C
10,343 KPa
-17.8 - 121.1°C
1379 KPa

6895.0 KPa

-17.3 - 121.1°C

136--5443 kg/hr

136-5443 kg/hr

6895.0 KpPa

0-3181 kg/hir
6893.0 Kra
689.5 KPa
4137.0 KPa
48%.5 KPa

10,343 KPa
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NOTE: 100% Maim Drive Speed = 6337 REM - : 4
100% Alternator Speed = 235690 RPM
100% Core Engine Speed = 12303 RFH

o eliminute different spgeed scaling, all speads were converted to an
oguivelent engine rpa snd will be referred to as HZ unless otherwise specified.

6.7.2 DIGITAL CONTROL NMOHITORIEG

Tshle 1 is & tabuletion of the ICLS Monitor Cutput varisbles with scale
factore, conversicn units, snd 2 description of each. Raw dats, that is, data .
from the digital controel displayed on pege 5 of the CRT display and on the D/A
coadout is in terms of a bit count. In order to determine tha value of a
variable (in engineering units) it is necessary to convert the hit count to a
gsealed frsction number. The 16 bit digital control uses two's complemant
erithmetic with the most significent bit as & sign bit, therefore, the scaled ;
fraction mumber will go from O to .99997 as the bit count goes from O ko 32767 \
end from -1.0 to ~0.00003 as the bit count goes from 32768 to 65535, the
scaled fraction number positive or negstive, is then multiplied by the scale i

factor obtained from Table 1 to get the velue in engineering units.

Converszion of signals to DV voltages from bit count are as follows:
the voltsge goes from 4.991 velts to - .005 volts as the bit count goes from (o]
to 32767 snd from 2.9%0 to 5.071 volts as the bit count goes from 32768 to
65535, ’ '

Hote: This is s linsar r¢l&hionship.

o i et R
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TABLE 1 (1 of 8)

L ' ICLS MONITOR OUTPUT DATA
Hame Scale Units Deseription i

Voot TRTWRD — - AIS test word (43690
Yo e - .
NN STHRD = - Self test word (43690)
R HODE — - Mode word cerrying per bit lafo

PLA Fault, ¢ - no PLA fault

b Bit  Functjon ,
:;b{\ 0 1 - MUX data bed, ¢ -~ mux data good
SN 1 Spaca ]
i '\L 2 Spare i
) “$\ 3 Spars o
N 4 Spare
' ) 5 Spare .
6 1 - enable backup, 0 - dimzble bLackup ;
7 1 - backup disengeged, ¢ - backup eng. _
o 8 Spare
N 9 Spare o
10 1 - Block #1 good, O ~ £ieiled o
e 11 1 - Block #2 good, 0 - failad
‘ 12 1 M
13 1 - Recovery on, 0 - rocovery off § ;:
v 14 1 - Operator Panel discennected, E R
‘{ SR 0 -~ connected !

N OTOLIM . 15 Spara » Lo

:i\ Out-of-limits word é
.A;i Bit Funciion T
/ 0 1 - XCCC out-of-limits, 0 - in limlts ;
S 1 1 - EHPTC '
RE 2 1 - PLA

3 1 - ¥MZSO
A 1 - EWEH

N 5 1 - XLPTC . .

o 6 1 - PTO
76 7 1 - p83 o

e L g (T R e AR e




Hame

—————

Scale

HZSoL -

QHODE -

TABLE 1 (2 of 8)

I1CLS MONMI'TOR OUTEUT DATA (Cont'd)
pascription

Units

‘Punction

& -

- ®BC

~ Xl

- XL

- T2

TA2

- T3

- 128

- Disable acktion, 0 - de not dis-~

e

R o
i

sble action

Mode word carrying logic

e}
e
r

@ﬂambumr‘o‘

9

10
11
12
13
14
15

Function

Spare

Spare

Spare

Spare .
XMV F/B Sensor 1 - failed O - good
BC /B sensor 1 failed, 0 - geod
Spare.

PZR Auto DMD 1 - close, O ~ cpen
Cleer Cont man overcide 1 - close
0 - normsl

Spare

PZR Valve mode i-manusl, 0 - auto
TCHPT 1-out of iimits, 0 ~ in iimits

soeup 1 - ocut of Limits, O - in limits
TCLPT 1 - out of limits, 0 - in limits

Spare

Spare

Oparator penal switeh information

7

o e e

S-S
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TABLE 1 (3 of 8) i .
i
4
ICLS NOMITOR GUTPUT_DATA (Cont'd) !
. i
' ' ¥eme Scele Units  Deseription
Bit  Function
0 WFK wode 1 - manusl, ¢ - suto
’ 1 kXS0 mode 1 - manusi, O - auto ‘
2 . CCC mode 1 - menual, 0 - auto ¢
3 KPTC mode 1 - manusl, 0 - suto .
4 LPTC Hode 1 - manusl, O - auto
5 Diseble BC & WF 1 - dissble, 0 - norm. g
6 BETA mode 1 - approach, 0 - normal :"
7 BETA biaz 1 - resets, 0 - bies out
8 Sens fail bais, 0 - no biss .
9 Dizable OTOLI# 1 - Disable, O - do -
not éiseble ‘
1C PZR man mede 1 - closed, 0 - open
11 BOP fail update 1 - do not update.
0 - update (1/min)
12 Alternate PE3 l-alternate, O - primery :
13 Idle mode 1-flt idle, 0 - gnd idle
14 FICA1l 1 ~ on, O - off
15 FICA 2 1 - on, 0 - off L
§T12 700 °p Fan inlet tem erature v
(%12) ' ;
STZSPYL 128 °R _Actuel core inlet temperaturs '
873 1960 R Compressor discharge temperature
graz 2860 R HF turbine disc tempersture
(ie2)
STCCHR 1960 °R Comnressor case temperaturs K
(2CCHP)
STCHPT 1960 *R HP turbine cazse temperature
(TCHFT) ’ !
13
STCLPT 1¢60 *K LP turbine case tempsrature
(TCLPY)
SINL 4375 ﬁPU Fan apeed
(F3L) ;
78 -
A
. ?W et e e e 4 e e e e T V..~ o VIR e - 3130 PPN Vol
b . SR :




TABLE 1 (4 of 8)

1CLS MOWLTOR OUTRUL pATA (Cont'd)

AL ]

Hare Senls Uniks pascfigtian

1 »
* smm 16120 [ Core speed
PTO 23 PSIA Total inlet pressuce
SPS83 L1y PSTA Compressor digcharge pressurs
(ps3) : : . .
TAFE 1 s.u. Puel metering valve pesitioﬂ {stroka = 813 inl)d
po4c VAN 1 s.U. Kain zoue valve pogition {strole - .71 inl)
Eecee 1 s.U. Compressor clear valve position (stroke = 1.5 in.)
EHPTC 1 s.U. HP Turbine cleear valve position (stroke = 1.5 in.)
ELFIC 1 §.Uy.  LP Turbine clear valve ?osition {stroks - 1.3 in.)
8728 723 ‘K Sensed cOmPressor inlet temperatura '
(725
&BC 1 s.u. CQEe stator actuator (strocke = 3.315)
THrY 100 HA Puel metering valve T/H current
THZS0 ~ 100 HA Hain zone valve /M current
1CCC 100 MA Compressor clearance valve T/ current
THPTC 10¢ HA HP Turbine clearance valve T/8 current
- TLPTIC 100 HA LP Turbine clearance valve T/H current
s BCIEHR 150 % corrected core spesd

! iBC 100 HA Core stator T/H current

i; "PLA 150 DEG power lever angle

LL WE3GA 14000 PPH  Adjusted fuel £lo¥
WFACC 14000 pPH Accel fuel Limit .
AMODE - - Fuel flow control node

Vvalue Function

0 Ecror

0.1 Accel schisdule
0;15 HMin shbop

0.2 Dacel gehedule

- - R
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TARLE 1 (5 of 8) ' I

ICLS MONITOR OUTPUT _DATA (Cont'd)
Bamg - Scale Units pescription

: - . 0.25 Mex stop
% 0.3 742 1limit
¢.4 Dacel J/R
0.5 fccel J/R
0.6 Pt
0.7 KL

|
F
\ " o.g  PS3 limit . b
. 0.9  TAL cale limit T
- :

1 s.U. Metering valve position demand {stroke = ?'A
.813 in.)
/.\ RHZSO i s.u. Kain zone position densnd (stroke - 7 i)
%
|

E
o
(2]
(-

s.U. Comp clesr valve position demand
(stroke = 1.5 indd
REHPTC 1 s8.U. HP turb clear valve position densnd
" (stroke - 1.5 im.)
RXLPTC 1 s.U. ‘ LP turb clesr valve position demand
(stroke = 1.5 in.d
Fi40DE - - Hode word for FICA status

pit  Function

e T S T

] ;
1 Bit count indicating neo. of eallowed f
PICA substitutlons E
2 !
3 J
4 Spave !
5 FICA activeted %
6 FICA tracking E
7 FICH ormed |
8 fuFyE 1 - substitute, ¢ - d¢ not
9 92% 1 - substitute, 9 - do not
10 73 1 - substitukte, 0 - do not
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_ TABLE 1 (6 of 8)

ICLS MGNYITOR OUTRUT DATA (Cout'd) \

Bame Scale Units Degcription
|

1l PS3 1 - substitute, 6 - do not E

12 T42 1 -~ substitute, 0 - do not |

13 xR 1 - substitute, 6 - do not %

14 XKML 1 - substitute, 0 - do not |

15 Sparve

HOTE: The following states can be
derived from bits 5, 6, and 7

Armed Bt S + 6 + 7 =1

Tracking Bit 5 + 6 = 1, Bit 7 = O

Resat Bit 5 = 1, Bit 6 = 0, Bit 7 = O

Of ¢ Bit 5 =26 al? =0

RXBC 1 8.u. Core stator position demaud
(LYPT siroke - 2.134 in.)
‘% (Actustor stroke = 3.315 in.)

( RPZR 1 - Pilot zone valve derand ‘ ?'}:
§ RERIC 10¢ % Compressor inlet temp (sensed-est)/sensed
; (2325}
H N .
Yo7 ) % Metering valve {scnsed~ogt) /senged
(BXREY)
X7 100 % - Pan speed (sensed-est)/senzed
(BREL) :
/ RASBY ©109% % Core spesd (sensed-est)/scnsed
- (RXEH)
RABLD 10¢ % Cowprassor inlet temp (sensed - eat)/sensed '
(BZ3) :
~ ESDV 100 - % HP Tucbine disch temp (eensed - eut)/pansad
(ET42) :
TISHL 100 % : Compreasor dicch prevs (sensed - ent)/gensed
(EP53) .
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Homa

ROTHP
(TFADEC)

sTal
(T41)

PCHLR _

BREORY

DEIHCL
(DxH)

REBL
REMH
TRAZ

TEHIS
(RECHPT)

82

250

3500

150

5000

4375
16120
2860

1460

TABLE 1 (7 of 8)

" YCLS HONITOR QUTPUT_DATA (Cont'd)

Undta

ew

“R

%

RP#/SEC

‘BPH
RPN

® %y
24

°R

Description

OEU intermal tempoeraturs
Ccalc KP Turbine inlet temperature

Corrected fan speed

Mode word sensors out-of-tolerance

pit  Function

0 Spare
1 Spare
2 Spare
3 Spare
A Spare
5 Spare
6 Spare
7 Spavce
8 TWFH 1 - out—~of-tolerance, ¢
9 T25 1 - ocut-of-tolerance, 0
10 T3 1~ out-of-tolerance, 0
11 PS3 1 -~ out-cf-tolerancs, 0
12 Ta2 1 - cut-cf-tolerance, 0
13 M 1 - out-of-tolerance., 0
14 XL 1 - cut-of-tolerance, a
15 Spare

Core speed Gerivative

Fan spced demand
Core speed demand
HP Turbine disch temperature demand

HP Turbine case teaperaturs dewand

Y

in f

in
in
in
in
in

ety TR o AP ST
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AR
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Kana

TSL23
(EZCLPT)

TSCo8
{HECCHP)

TEZ27

T

e,

TABLE 1 (8 of 8} i

ICLS MONITOR QUTPUT DATA (Cont‘d) ?

Scale Units ~ Desgerintion

1960 °R LP Turbine case tempsrabure demand
1260 °R Corpressor caps temperaturs demand

1960 °p Caleculsted compresscr miags 3

b
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6.7.2 DICGITAL CONTRAL KOHITORING (Continued)

Table 2 tshulates the conversiun factors.

TABLE 2

DIGITAL, COMYEOL MOWITORIEG - CONVERSICE FACTORS

Rits Yelte

¢ 4.991

32767 ’ -, 005

32768 9.9%0

65333 . 5.071
Exerpla:

Senled

Fraction Tumber

o
.99997
-1.0
~.00003

Cora spoed (EWH) reads 14000 bits, determine the scaled fraction number, DC

voltage and speed in P,

14000 . SFH_ | SFE = .42725

32767 .99¢7

14000 _ (4.981 - DOV)_ | DCV = 2.8564 volis
4.691 .

Look~up scale factor for core speed in Table 1 = 16120

Care spead = ,42725%16120 ~ 6887.2 EPH.

The monltoring data is available from the D/A connector as voitsge raadings o

digltal count resdings ou the connector front panel. Duplicate sets of remote

cutputs are pr@viéeé. ezch including the first £ifty channels of monitering

data, plus fiftecn selsctable channels thet cen be comnected to any of the

monleoring signels.

The contrel systems CRT also procasses many of the monitering signals and

displays them ow the acreat in engincering units.
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6.7.3 TRANSIENT IMSTRUMSENTATION

All trznsient data wes taken in Cell S1 by Data Systems Operation (DSO)
and all Z-Y pleotting wss dene in Call 44.

6.7.4 OPURATOR/ENGINRERIV ., PAVEL. SWITCHRS AND POTENTIONETERS

CHLER

Tabla 3 is 2 Llist of the adjustment potentiometers (L0 tura} on the
eperater/enginsering panol ehowing the bave settling (i.e., psetbing at 5 turns?

snd adivatment vangaes.
Table 4 i a list of the suwilches on the operator/oaginsering panal.

The potenticwster and switeh gettinzs are displayed on the system (o127 44

in digitsl counte end engineering units.
6.8 COUTROL SCETHARD

The control software was modified once during the system tegt. Dats
tokon is-idontified by the software version vid frr that test. The twe

versions are listed below.

@ ICLS 1 - Control software as originally delivered to cell 44 for

system test.
e 1ICLS 2 - 3asmwe as TCLE 1 except:

a. Added fenture t. ste~ in primary control im evant that stall
dump kit is tripped.

b. WHodifled maln zone shutoff logic to provide propor stoging
sequencing after closing on 8 decoleration. Note: Ths main
zone will ba closed during a dccel only if it i3 vaguired to

keep the engine from blowing out gring & decel.

¢. Lowersd position loop sain of LF Turbli: clesrance by & faoctoer

of 2.

b
b
i
i




. e e oy
SN g A ROR W : :
‘ GWG‘:\ﬁLpﬂLﬁY ENGILEERING PANEL ADJUSTHUENRTS b3
\ oF POOR QU , , f
_MAME SCALE UNITS  DESCRIPTION . BASE HIN HAK r
- 3
ot .83 1IN . MAN WEM DMD L08350 . ~.08350 ©.20369 E .
02 1.0 S.U. HAN KZS0 DMD N ©.25 €,45 b
03 1.0 S.U. #AN CCC DAD .5 a5 +.45
68 4.0 S.u. BAK BPTC DED 5 . —edS +.45 f
: 0S5 1.0  S.U. EAN LIC DED ! 45 © .45 s ;
: 06 2.0 S, T25 F.ILDEE 1.0 -5 .5
: 07 1.0 == BC APP SCH MULT 1.0 -i,0 +1.0
08 60 " DEG £ BAS SCH B1aS O T A o5 :
@9 2.0 SU . XHH FLALURE 1.0 -5 +.5 '
Qe 156 % HIK SCH BIAS o ~§0.3 #16.3 :
K 011 - 6373 CRPE £t BAX LIAiY © 38CO 335 . eBIS
~ Qi2 16120 BPE - W2 BAX LINIT - 13260 =206 #2840 s
; 0i3 161320 RPH GRUD IDLE £243 =125G 125 : SN
oy 014 16120 ®PK . FLIGHT IDLE © 9337 =a280 ©I 250 ;
% 015 385" DEG. K T42 SCH BIAS ) ~720 * 720
4 ~ ale 563 P3la P83 hAax LIBLT 425 75 74
£4 Q17 THED FSIA - ' P53 ALDER o T g ©25
o GIB 1,0 =~ PR3 RULT 1.0 -t a1
R Q19 3500 DEG, R TAIC sAX LINIT 3122 1 EAD 310
, ki 020~ 1,2 = == = T4IC WFOP3 BULT 1.0 .- .2
y 021 b2 e T4IC T3 HULY 4.0 -2 .2
7 3 ©22 3500 D8G. B  T4iC ADDER 0 ) +7C0 L
L 023 .83 CIN KM WEH LIMIT (06350 ~.05I50  +. 10841 ) ;
8 024 tGD . MA XBC TH B1AS o -10 “40 :
625 1.0 SU LD 1 - -.02 .4 ..
£ Q26 71,07 IMASEC. «,01354 £.01633
i [ 027 - 1,6  LI/SEC G B - G260 A4, 01528
3 028 19& D6, B T3 ALOGS LD 250
. G29 23 " SSIA 0 ALT PRESS wl8.696  #8.304
5 030 1.6 === MACH NG 5 ot} 1.0
L; a3t 50 UNIT3 . ACC SCH BIAS 0 -5 pes
; % 032 1.6 o=  ACC SCH MULT 1.0 ~2 6.2
z Q33 5C  UNITS DEC SCH BIAS ‘o ) oh
034 0 wew DiEC SCH BULT 1.6 e .2 S
- 035 18500 @PH MZ HYST. BAMD 500 -500 *500 fon
: 02 327.68 C(EC ¥Z FILL TIME BIAS 50.0 “55,0 +50.0
b 037 1.0  S.U. HZSO FILL AREA 30715 . «.357ib  #.64385 -
SN T ‘G238 - 1:0 “S,U. BES0 MAX AREA 55 -2 ) : S
ok 039 2.0  SoU. T3 FPTLURE 1.0 -5 &, ;
PR x 040 10,0 SJl. NO. 06 FICA SUB. 6.0 =5,0 *8,0 :
I 06t~ 1.6 Sl PS3 FailUKE 1.0 -5 4.5
‘ 042 2.0 S.U. T42 FAILURE 1.0 -5 4.5
\ : s34 Solie ¥HY BRQ CHER BES .02 - =08 +.00
i . ) 0ad 20,0 Sl DREVADT CHTH RES S 0 €F0 %
; ; Qs 3 S.U. XY CAW JuH LI .06 -0 #.20
046 5000 RPR/SEC M2 GF- DEC RATE  ~500¢ 0 +50010 Lo
DAT JOO . KA AE8Y "W BTAS Q -t ~iQ ‘ ”,
048 3.0 = XHY L00P GALN 5.0 “«. 66887 42,0 4
040 2 e ¥3 BULY O wE3e O -2 e.2 o
050 2 T - X2 EULT ON 0 -2 ¢.2 i
3 Q51 2 ——— Xt MULT oM bol -2 +,2 i
1 52 2 - e ADDER R HE30 i} -2 €, 2 ot
: Q5. 1960 - DEG. @ CCC fSCH 51AS o 700 STy
05¢ 4900 DEG. R TE27C ALDER o 700 +700
055 1960 DEG. R HPIC TSCH BIAS 0O -700 700
@50 ~ 4963 DEG. B LPTC'T5CH BIAS O ~700 ¢ 0
G57 16500 ueH "2 IEPUT BIAS ¢ B 080 | +(000
058 4.0 e ®C TR PES MULT 1,0 =1.9 5.0
050 2.0  su N GAIN ADJUST 1.0 -0, +1.0
N 060  1aft e BC RAIZ RES MLT 4.0 1.0 1.0
B S D S— BC SPD kS WULT 1.0 “i.0 +1.0
os2 60 L3 RE KAD LIAIT 64,7396 =S +i5
Q6. o0 LEG BE MIL LERIT - 2.3360 =15 ©i5
\ 064 1 —— CLEAR CONT HAN WS © b R
, : 055 ~TTTT T e PZRY WESET EODE O -5 .5
: 066  5000.0 RPH/SEC PZAV DECEL RATE | -3 000 1300
; 67 2.0  3.U. ! -5 2.8
1 048 100 - PCT -90 “100 .
_ Qe 1D PCT i +4C0
G100 10 PCT 90 107
Q7§ 103 B - ST 0 16T o
o2 13 PCT ST3 S.BST. TOL. 10 - 50 +109 .
4 073 100 PCT © §T42 So°T. T0L. 10 00 «1060
, 074 106 Koy £PS3 SUBST, TOL. 1G -00 .0 D
K Q15 2.C — HE T¥ BIAS IIT3. 1.0 =l Q +: .0 . Lk
» Q76 2.0 ——— BC Ta BIAS INTEG, 1.0 o0 1,0 ' P
NoA Q77 VL0 TTSY T DO ERROR CNTR PES .02 -, 0 - e 08 -
y V- v 0718 "0.9 SU BCAUT CHNTR RES 5 o 0. ;
N Q19 .2.0  Su HL GAIN ADJUST 1.0 -0.9 +1.0 ‘
Sl 08B0 327.48 SEC PZ TIMER KESET 2.0 -2.0 3.0
“m*‘:ﬁﬁ#ﬂﬂ"ﬂﬂhtt\kmﬂﬁ1115“&&&'2%&'&’#'}.’&‘Q‘é{r'ﬁﬁﬁwt’ﬂ’ﬁ"kwww‘lwﬁ".l‘ﬁlNﬂﬁﬁﬂ'@‘h‘h .'
o ! Table 3. lDaselinc Monitor Data o
£ ¥ g
¢ J 86 -




VE~NON BN -

SKRITCH MO

ENGINEE

FUNCTLON

WEM MODE

KMZSG A0DE

COMP CLEAR MODE
HP TukB CLEAR MODE
LP TUKB CLEAR MODE
DISABLE BCRHWF

RC CONT BODE

BC BIAS

SENSOR FATLURE BIAS
DISABLE OTULIH
MAN PZR VALVE

FOP FAIL UPDATE
BACKUP PS3

FTOLE MOLRE

FICA I

FICA 2

Table 4. Simulaied Start- Manual WF Mode.

=

RIRG

BRHEE AR AT o AE ﬁ*ﬁ‘ﬁf;‘ﬁ‘#z@ LRRATARAARTINT & AW rh ST i T U H R EL P ES v AR F

PANEL SWITCHES

ON

MANUAL
MANMUAL
MANUAL,
MANUAL
MANUAL
DISABLED
APPROACH
RESETS
BIAS
DISABLE
CLOSED -
NO UPDATE
USE

FLT IDLE
ON

ON

=

OFF

AUTO

AUTO

AUTO

AUTO

AUTO
HORMAL
NORMAL
BIAS QUT
NO BIAS

DO NOT DISABLE
QPEN
URDATE

O NOGT USE
GND ITDLE
QFF

OFF

B7

g

BT



ICLS 2 iz the software used for ICLS engine tost.

6.9 DISCUSSTOW OF TEST PARAGRAPHS
This test war conducted accovrding teo a formal, Control System Test &
Ingtrumentation Plaxn. feference 2). Powwat of the discussion will use the

psregraph numbering system of this test plan.

IXT.A. Pre-8tort Besoline

A full set of digital conteol wonitoring data readings was taken te

provide a pre-start baseline for the control systems test (Eeference
Figure 38, Baseline Honitor Data).

IXI.B. 8&art Pense Checkout - Manual WF Mode

A slmulated start was mede, twenty second speed rsmp to 30 pereont
speed, to demonstrate manual starting capebilities. The control comes into
regulation et approximately 10% speed. This test shows thst the control is

wall within regulation prior to opening the stopceck (15% or higher).
The manual fuel adjustment was tested and functioned properly.

The manual full flow mode will be uszed for the first atart and for
starting investipgztion studies.

ITI.D. Simulated Primary Mode Stave/Hormel Shutdown

A sinulsted 30 second start was accomplished and the control came into

regulation at 10% speed snd the stopcock was opened at 25% speed.

A second simulated start was the same except that the stopcock was
cpened at 30% cpesd and after idle speed has been achleved a stopeock and
Ceceleration is simulated (normsl shutdown).

The contrel properly scheduled fuel flow in the start rezlon was well

within regulation prior to opening the stopcock.

88
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ORIGINAL PASE, IS
OF POOR QUALITY

PAST 1 ECE rDNITOR DATA

B

Hoaewts) T

~PLA . 88 8. MNN... . ZOB! . .. PCER. 363 _TF ... . @ Y LIV p¥e)
ed 994 R, 10030 PoRAR TP @ ¥a1 PR NEAMGE - ®TR
‘van wae” mme e ome o vea 204 PRIACE  319.3
IR 38TV L BEM. . GET . GEDSE SEN .o . BET .. 28,9 PHIERS BT
SRR 786 BYCEE 990 o 76 RYGR  RO00 WL 209
OINE 6342 RTWPT | w1 TGt 98 BT msen
© EwT7 89 . RTPT B3 _ TOLPY _ . .71 . | BPED AR50
| FRUDE OFF W Ex e, ET29 €T3 £T42 ersa
“e@ a2 =4 .o o o T.a” .o .0
_ DISABLED SEW M 2.600 - ._1.000 _1.600 . 3.001 4.001  1.G0U
HODE ACTUM, HANAL TH CURRENT  BTROSE  BELDWD
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III.E. Simulated Backup Mode Start/Normal Shutdown

A gimulated star: and shutdown were made in the backup mode. The
control cams inteo regulation at approximstely 10% speed and the stopcock was
opened at 30% speed. The control wae stopescked prior to decelerating., P83
and gspeed were ramped the gams as in IIL.D. above.

If it Pecomes necessary to start the engine in the backup node,
provisions wust be msde to properly position the main zope r~hutoff and nilet

zone resat in the start region and to provide transitien capability.

III.P. WMain Zone Shutoff-Menual Mode

The main zone shutoff was evaluated with a 200 lohm orifice in the
pilot zone bypass leg. Two flow conditions each with the pilot zone valve
openeéd and closed were run to show the percent of flow thru the main leg.
Figure 39 shows approximately 50% flow through the main leg when the pilot

zone ig open and between 62% end 70% when the pilot zone is closed.

Figure 40 is a plot of fuel pump discharge pressure versus total
metered flow for two conditions: one with the main zone valve open and the
pilot zone vslve closed, the other the main zone va.ive closed and the pilot
zone valve open. These data wer: run to confirm thot systen would not go on
purp relief im the event alternate strategy is used to prevent blowouts on
decels. Hote: Plan is to decelerate the engine with both the pilot zone and
naln zone valve open, if a blowout occurs the pilot zone will be closed during
the decel, then reopen when decel isg complete. If & blowout cceurs for this
condition the main zone will be closed during the decel it will then reopen
and re-light when the decel is over.

III.G. HMain Zone Shutoff-futo Node

Figure 41 is a slow necel showing the action of the main zone and :
pilot zone valves in the sutomatic mode. To successfully transition from

|

_ . !
single to double annularp burning it is necessary to: !
;

t
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Figure 40. Main Zone Pilot Zone Pressure vs. Flow Characteristics.
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8. Fill the mein zone nozzles - this was set at ten seconds for ¢
this demonstration but can e from 1.75 to 100 seconds. Hote
that the fill position (l.e., amount of flow in the maln zone
during £iliing) is adjustable and will be set so Lhe engine does
not decelerste during filling. '

b. Closs the pilot zone to enrich the main zone to allow the walin
burper to light. Hote that the pilot zone vaelve is signalled
closed 1.75 goconds before tho meln zone poes fully open. ‘This

iz & slow (.25 gpm servovelve) cystem end tokes that long to

close.
c. Open the main zone when the pllot zone is going fully closed.
d. Reopen the pilot zone valve after transition to double annular. f

Adjustments will be made to the control system to optimize automstic

transition during engine test.

The optional festure of closing the main zone during decels to prevent

blowout and the tremsition back to double annular combustion waz tested and

performed satisfactorily.

The optional feature of closing the pllot zone during decels to
prevent blowout during the decel was also verified.

Hota: these two optlonsl features will be used only if blowouts are
actually encountered during engine testing. They are sdjustsble from the

operator/engineer ing panel.

III.H. Primary Mode Acceleration Schedule/WP Calibration

Figure 42 shows test data plotted on the design schedule of accel phi
(WF/ps3) vs. corrected core speed obtained by verying speed and compressor
discharge pressure., These data show that the digital control schedules

ceeelerste fuel flow sccurately. The backup control accelerstion schedule
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was low in the start region but this was not a concern because all gtaris were
to be msde using the digital control. The schedule csm in the backup control
wes made bafore core englne testing showed engine fuel flow requirements in
the gtart reglon to be higher than originally predicted. & cam change wae not
considered ko be justified.

pigure 43 is 2 plot of moasured fuel flow vs. calibrated fuel flow.
These data indicate that the fuel flow calculsted by the digital control from
fuel motering valve position 15 quite accurste. This wag accomplished by
utilizing the operator/engineecing panel adjustnments which modify the

coefficients of the digital controls fuel flow caleulation polynominal.

1I1.I. PLA Schedule - Pripacy

Pigure 44 is a plot of the core speed govermnor cut-in as a function of
power lever angle plotted on the ES control system specification schedule
while operating on the primary control. The dats indlcates that the core
speed schedule is the same ag the core engine PLA schedule ané not the desired
ICLS PLA schedule. This will require a slight adjustment to the fan speed PLA
gcheduls to ensure controlling on fan speed at high power. Thies should cause

no operationsl preblems.

FPigure 45 is a plot of the fan spesd governor cut-in as a function of
power lever angle plotted on the 83 control system specification schedule
while operating on the primary control. The data indicataes that the digital

control governs fan speed in accordance with the desired schedule.

Figure 46 is a plot of the core speed governor cut-in as a function of
pover lever angle plotted ou the 83 control system specification schedule
while operating on the backup control. Speed governing by the backup control
iz within acceptable limits. It should be noted thst the digital control PLA
and backup control PLA correspond at 0° end inerease at a ratlo of 1.6993
digital degrees per backup degree. Compsriscn of the data on Figures 44 and
46 on this basis shows the backup schedule slightly below the primacy
gehedule, as desired, so that fuel flow will decresss rather than increase in

the event of a switchover froem the primery te backup node.
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E° Contrcl Systems Test
Flow Calibration
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Figure 43. Digital Fuel Flow Calibration.
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DS TR

PLA DEG PCNZ5R
%

20.0 59.0(IDLE)
38.0 85.0

42.0 85.5

45.0 91.6

46.5 92.0

70.0 98.6

73.0 99.3

75.0 99.5(MAX FLAT

60 (£ PLA Degrees = 20 + .53 * PLA Percent
50 | i l | | |
20 30 40 50 60 70 80
Flgure 46. Hydromechaniczl Core Speed Schedule
106



11X1.J. Core Stator Schedule

Figure 47 ic a plot of the core stator schedule in the primsry and
bactkusp mede plotted on the specification line in torms of feedbaek gtroke.
The system was rigged on the open stop and the LYBT was adjusted %o obtein the
corract dizital reading on the step. The some procadure will be used for

rigging the stators on tha engine.

pigure 48 is & plot of the core stator schedule in the prizary mode

plotted on the specification line in terms of LVPT positlon.

11I.K. Primary Hode seceleration Transients

A series of accel/dscel transients were rua in sccordance with this
part of the test reguest. The maln conclusion from this trenslent tosting is
that acceleration fuel flow ie scheduled catisfsctorily in the primary mode
and that tronsitiomsz to W2 governing cr the T42 1imit sre smooth.

T17.L. Primary Mode Becoleration Trangients

A series of decel transients were Tun in sceordance with this part of
the test request. The main conclusion from this tronsient testing is that
escceleration fuel flow is acheduled satisfactorily and thet transitions to W2

governing at idle are gatisfactory.

TII.HM. Beckun'wad@ Accelerastion Trensients

A 30 gecond accel in the backup mode indicates proper governer cut-in
al the 100% plas set peint. The conclusion ig that scceleration trensients

could be mede in the backup mode.

Tt ghould be noted here that the main zone shuteff value is open

becauss the contrel is in the beokup mode.

11T.8. Backup ode Daceloration Transients

A 30 sccond decel in the backup acde shows that decel transients can

be wmade in the backup mode.
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Figure 48. Core Stator Schedule - Primary LVPT Position
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III1.0. Overspeed Selection of Backup Hodae

Test results show the control automatically switches to the backup
mode at 109.9 percent speed. The control speed was then decreaged until the
control went on the accel schedule. This occurced at 96.2 percant. The

contirol was then switched back to primary control.

LIL.?. Governer ¥reoauency Besponge Priwary Hede

Figurs 49 ig 2 plot of gsain snd phase shift es a function of Ffrequuney
for the primary lMode %2 speed control. %Two conditions were tasted, a low
power (idle speed, 4536 Ng/lir {1000 pph) fuel Flow) and a high power (Takeoff
speed, 3120 Kg/hr (6900 pph) fuel flow). The nominal line, as defined, is
plotted on the curves for comparison purposes. The plots indicate both phase
and gain are slightly below this nomiral line. The net result should be a

stable, somewhat wore sluggish, but adequate W2 speed control.

Figure 50 is a plot of gain and phase shift as a function of frequency
for the primary Hode N1 speed control. One condition was tested, a high power
(Takeoff spead, 3894 Kg/hr (6380 pph) fuel flow). The nominal line, as
defined, is plotted on ths curves for comparison purposes. The plots indicate
both phase and g&}n are slightly below this nominal line. The net result

should he a gtable, somewhat mare.sluggish, but adejuate Wi gpecd control.

IIZ.Q. PS3 _snd TALC Limitg

Testing shows the fuel flow cutback when PS3 is increased beyond the
2930.4 XPs (425 psia) limit.

A similar test was performed to illustrate the cutbszck on the
calculated T41C limit (Wote - T41C is calculsted from T3 and WF/PS3). The
T41C incresss was slinulated by .necressing T3. TALC cutback oceurs at 1322°C
(2412°F) when the Limit is set at 316°C (2400°F).

III.R. Comovesuor Glearsnes Gontrol Checkout

Figure 51 is a plet of the compressor clearsuce control feedback
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gignal calibration in terms of physicsl weasurement of actuation stroke vse.

digital control stroke demsnd.

& tronsient inereass ond decrease of the case temperaturea inpubt was
. made verifying thset ths controlling action of the conpressor clearsnce control
wes correct in ths sutomstic mode. Incressing msasured case tompaerature opens

the valve and decressing messured case tempersiure closes the valve.

A repid decel wap wade while operating in the eutomatic mode. The
valve starts to open as cpeed is decrzaced, then rapidly closes when core
spead decel rate exceeds 150 RP¥/sec. The system was then reaccelersted and

the valve reopened.

A topld decel was mode, then the system was allowed to remaln at the
lower level and the casing temperature was raduced es it would have been on
the engine sfter & decel. When the tewperature went belcew the scheduled level

for the lower speed, the valve properly reopened.

III.S. Turbipe Clearanca Contrul Checkout

Figure 52 is a plot of the HP Turbine clearance control feedback
signal calibration in terms of the physical measuvement of actustor stroke vs.
digital control stroke demand.

A transient increase snd decrease of the NP Turbine case temperature
input was made to verify the controlling sction of the HP Turbine clearsnce
conkrol in the avtomstic moda. Incressing temperature opens the valve and

decreasing temperature closes the valve as it sheuld.

Figure 53 is a plot of the LP Turbine clearance control feedback signal
calibrstion in terms of the physical measurement of actustor stroke vs.

digital control stroke dewmand.

A trensient ineresse and decrease of the LP turbine case tewperature
input was made to verify the conbrolliing action of the LP Turbina clesrvance
eontrol in the autometis mwode. Incressing temperature opens e valva and
decreasing tempersilure cloges ths valve as it should.
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III.T. Poazition Loop Step Input Response

The metering valve response to 2 step input to the metering valve
position demond signal wes wmeasured.. Avernge measured gain from digital
éorqua motor current to messured feedback posoition iz 0.1524 em/sec/ma
(. 080 in/sec/ma).

The maln zone valve response to a step input to the main zone demand
cignal was measured. Aversge meassured galn from digital torque motor current
to measured feedback position is 0.0787 cm/sec/ma (0.031 in/sec/ma).

The LP turbine clearance valve response to a step input to the LP
turbine clesrance demand signal was measured. Average measursd gain from

digital torque motor current to messured feedback pogition is 0.1397 cm/sce/ma
(.0835 in/ssc/ma).

The compressor clearance valve response to a step lnput to the
cempressor clearance demand signal was measured. Aversge measured gain from

digital torque motor current to measured feedback position is 0.1397 em/sec/wa
(.055 in/sec/ms).

The HP turbine clearance valve response to a step input to the HP
Turbine clesrance demand signal was measured. Average measured gain €rom

digital torque motor current to measured feedback position is 0.14%9 cn/sec/us
(.059 in/ssc/na).

The core stator valve response to a step input to the core stator
demgnd signel was measured. Average measured gain froam digital torque motor

current to measured feedbasck pozition is 0.1676 cm/sec/ma (.066 in/sec/ma).

TXL.¥,. Failure Fffects

2.a. Disconnection of the alternstor ccused ths control to trip te
backup.

&

The FAREC powsr is disrupted by disconnecting the alternator and power
mugt tranzfer to the 28 volt DC power supply. This is thought to cause the
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regulated 5 volt power supply to the FADEC to be momentarily interrupted,
cauging the trip to backup.

fuy of the following will caume the control to trip to baclup (if
OTCLLY engbled):

1. PLA cui-of-limitg
2. XM out-of-limits
3. BNV out-ef-limits
4, ZBC out-of-limits
5. XMV F/B Fail

6. XBC F/B Fall

7. 8Self test word fall

2.b. Disconncction of the metering valve feedbsck sensor causes the
control to trip to backup because of the metering valve B/B failure effect,

i.e., it zenses that the metering velve is not moving when it should bhe.

2.¢c. The 28 volt DC power supply was disconnected to 90% speed with no
effect on operstion.

2.4. Disconnection of the data link to the digital control caused uno
chenge in systems opecations, but no new dats can be transmitted. Power lever
angle is frozen at the value existing at the time of failure. A menusl switch
to bpackup will be required to decelsrate the englne. Disconnection of the
engineering operator panel caused no change in systems operation, but nc new
commands can be input from the penel. Enginsering panel adjustments go to a

pre-determined level or to levels which are reset every two minutes.

2.e. Disconnection of the fuel servovalve caused the sysrem to trip to
backup. If the F/B failure protection is deactivated, the syster: drifts to

minimum flow when ths fuel servovalve ls discommected.

2.f. Digconnection of the main zoune feedback sensor causes the

equivelent digital number to freeze but {he nunber is unpredictable.

Results will be one of the following:
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If the feedbhack signal as senged by the control fails

out~of-1limits the valve will open.

" If the feeGhack signal iz calling for full open or full closed,

the maln zons valve will go to the demanded position.

If the feedback signal feils within llwmits and the demrnd signal
ig at an intermadizte position, the error signsl between demasnd
ané sensed feadback will determine direction and rate of closing
ot opening. Thus, for thls case the valve msy fall open or closed

and 1s not predictable.

2.g. Disconnection of the mein zone shutoff servovalve caused the

valve to drift in the opening direction.

2.0,

Disconnection of the compresser clesrance servovalve and feedback

sensor will do two things:

1.

The feedback signal as sensed by the control will go to an
indeterminate position and cemain there until the sensor is

reconnected.

Torque motor current (o the servovalve will go to zero causing the
actuator to drift in its fail safe direction (retrscted). Drift
rete ig determined by null bias on the torque wotor.

Reconnecting the servo and feedback sensors will result ia s -
recovery transient starting from the retracted pogition. The
recovery transient will be affected by such factors as:

a. Supply and return iline lengths and restrictions.

b. Actual characteristics of the particular T/M and secrvo valve

_involved.

¢. Actual ein reconnectlon sequence when connector is reconnected.
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2.i. Disconnection of the HP turbine clearance gervovalve and feedback
gensor will have the same fallure effect ag the compressor clesrance system
doscribed in 2.h. sbove.

2.j. Disconnection of the LY turhine cloarasnce servovelve and fesdbaclh
Bensor will heve the zame fallure effect as the comprogsor clearance system
described in 2.h. above

2.%. Tho 28 voli DC poweyr supply wes disconnected ab high speed (98%)
and spesd wes gradually reduced. The control centinued to function unklil
speed was decrsazed to 47.7%, at which point aliernator power was ingufficient

and the control went to the backup mecde.

2.1. Disconnection of the fan spsed sensor causes the fan speed sensor
to fail to an indeterminate valve. Wo failure gction is taken. The normal

control strategy will determine action for the failed value.

2.m. Disconnection of the core stator feedback cauces the digital
number, which indicates stator feadback position to freeze, but the number is
unpredictable, Feedback fellure logic similar to the metering valve feedback
failure logic has been incorporated into the core stator control system, thus
the system will trip to backup when the feedback sensor is disconnected and
the failure criteriun has been met. Two successive disconnzctions of the cove
stator feedhsck signal cauged different results. In the first case, the
gensed failed position csuged 8 trip to backup. In the second case the
feodback failed to the same level 1t was operating at prior to the fallure.
Until torque motor curvent calls for a change in stator position the system
will stay in primacy. As soon a8 a new stator pozition is demanded the system
will trip to backup. This was not demonstrated as all subsequent fallures
tripped to backup immediately.
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2.n, Disconnection of the corae atator servovalve caused the system to
trip to hackup with the failure protection described in 2.m. activated. With
this failure protection deactivated the system drifted to the cleosed stator
position.

2.0 Disconnection of the pilot zone servovaive causes the pllot zone

" valve to open if cloded or vemsin open if opened.
IIT.V. RIcs

The control strategy incorporated a feature to simulate seftware
failures for each FICA substituted varisble (fan speed, cors speed, comp.
inlet temperature, compressor discharge temperature, LP turbine inlet
temperature and compresgor discharge pressure). Each sensor is multiplied by
an engineering operator panel rotentiometer which i8 scaled from .5 to 1.5
(nominal value is 1.0). A switeh on the engineering operator panel is used to
enable ths wmultipliers.

To induce a software failure the potentiometeor, associsted with the
sensor to be falled, is adjusted to a value beyond the FICA errar tolersnce
and the switch is then sctivated causing a step change in the sensors value as
seen by the control strategy. The FICA will then substitute the estimated
value for the sensed value. This method was used to demonstrate “ingle seanssr

failures,

III.V.a. & b. Core Speed Sensor ¥ailure

A core speed software failure csused a substitution to estimated core
speed (FICA core spesd). Core gpeed prior to the failure was 12335 RPM and
12377 RPH after the substitution,
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A cors speed hardware failure wes accomplished by inputting a step
change to the slmalated alternator signal and the estimated value from PICA
was substituted. The core stiator snd metering value feedback error signal was
¢izabled for this tosi. |

A pecond core epecd hsrdware failure which wes the sewe as the firet
hardware fallure cxeept thot the core stator and metering value feadback error
glgnal wes onsbled. %The countrel trips to hackup s8 a resul:t of the momentary
léﬁga error in cors shutor centrsl loop.

Disconnoction of the altarnétor will cause a trip Lo bachup whether
PICA is active or not. (Ref. Ssction III.u.2.8.).

III.V.e. & 4. Pzn fpeed Sensor Failure

A fen speed software fallure caused a substitution to estimated fen
spead (FICA fen specd). Fen cspeed prior to the feilure wag 2945 GPM and 2942
RPYM after the substitutlon.

Two fan speed hardware fallures were made. The first was done by
dicconnecting the sensor (the fan speed signal failed within the FICA error
tolerance and no substitution ocecurred). %The gecold was done by step changing
the fon speed input frequency oud the estimated va'ue from FICA was
substituted. |

III.V.e. & £. Comyressor Iniet Temperature Semsor Failure

A comprsssor iunlet temperature (T25) software failure caused a
substitution te estimated compressor inlet tempersture (PICA T25). Compressor
inlet temperature prlor to the faiiure wag 47.7°C (117.8°F) and 48.2°C
{118.7°%) after the substitutio..

The compressor inlet temuerature harduware fallure had the gawe regult,
This wag accopplishad by disconvscting the senasor and the estimated value from
FICA wag substibuted.
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11I.V.g. & h. Ccmpressor Digcharpe Tempersture Sensor Pailure ,

A compressor Gischarge temporature (T3) software failure cauged a
substitution to estimated compressor discharge tempersture (FICA T3).
conprossor dlmcharge tonperature price to the failure wos 496.1%C (925°F) and
é%gté°c (931°¥) sfter the substitutioun.

i
>4
=
.
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o & J. L2 Purbing Inlet copooreture Sengop Fallure

A LP turbing inleot btemperiuure (ra2) software fallure caused a
substitution te estimated LP turbine jnlet temperature (FICA T42). LP turbine Lo
inlet temperature prior to the fatlure was 754.4°C (13%0 °F) and 752.2°C If
(1386°F) after the substitution.

The LP turbine inlet tempsrature hardware fallure had the same result.
This wes accomplished by discomnecting the sensor ond the estimated value from cod
FICA was substituted. !"E

TIL.V.k. & 1. Compressor Discharpe Pressurc Sangor Fellura

" A compressor discharge prossure (P33) software faillure caused &
subatitution to estimatcd compreszor discharge pressure (FICA PS3).
Compressor discharge prossure wes 3182 kPa (316.5 psia) prior to fellure and
2213 kPa (321 psia) after the subgtiéuti@n.

e SRR LR BAGHE AL AT

Two compreszor discharge pressure nardwsre fallures were made. Both
failureg were accomplished by activating a solencid valve which dumps pressure

in the compressor discharge pressure gensing line to smiient. The fir-t ‘ Vo

fatlure was with tha FICA error tolerance at nominal, The FICA PS3 wos i
gubstituted for this case. Thie fallure ‘s the same action that is taken by

the stell dump kit when it censes an engine stall. The second failure wes
with the PICA PS3 tolerance set at the mawximum velue. For this csse P33 ig i

not substituted for, however, core spaed was substituted for 250 williseconds ill
after P83 was Gumped. This appears to be the way to run FICA testing with P83 311?
,5 tolarence set st the meximum value unlesc 2 Pg3 substitution is to be

demonstrsted, B
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It was recommended that we test the stall dump kit with FICA in the
track mode and recorded on a strip chart recorder to determine what will
happen when the stall dump trip is made.

IIL.¥.m. Mebtorine Velve Peedhscl Sensar ¥alliure

A motering valve foudback hardware fallurs wes mzde. This was
aceanplishad by dicconnecting ths metoring velve feedbuck nensor. The system

14 gubshitute for metering valve error, but the feodback failure logic does
8

ticip the symtem to backup.
IIX.W. Fuel Boost Prepsure Bffect

The effect on fuel flow of changing the fuel inlet p ure is minimal.
IIT.X Pgst Pottine Punciionsgl Test

After the controi was returned to the assembly area for final potting,
a functional teet wasz conducted on the control. This brief test vzlidated the

FADEC was functioning properly after final potting.

III.¥. Finnal Monitor Data snd Pot Settings

A list of the finsl monitor data and pot listings was taken. These
settings wers the pre-test ICLS engine baseline settings.




7.0 CORi CONTRCL_SYSTEM PERFORMAKG : s

The Full Authority Digital Electrenic Coﬁtrol (FADEC) sys“-em on the
core test vehicle performed well, providing the flexibility necesasry for
ﬁﬁcrcugﬁ exploration of engine charscteristics., Areas of particular note 2re
a8 follows:

7.1 SPREED COVERWING

The FADEC provided the accurate speed governing uecessary for ovderly
exploration of variable stator effects, compressor bleed, and active clearance
control.

A mild governing instability (up to 30 rpm peak-to-peak at 0.2 to 1.0
Hertz) wes initially present. However, a PROM change (new program memory ot
the digital electronic control) was mede, allowing the metering valve position
loop gain to be increased and the core apeed governing gain to be decreased.

These geins were then adjusted to minimize the effects of the instabllity and

permit good data acquisition.

This ingtability, following the PROM change, is shoem in Figure 54.
Fuel flbw. torgue motor current, and speed derivative rignals are greshly
expanded for evaluation purposes. The gaw tooth wave form of torque motor
current, together with the flattened-off fuel flow wave form indicate that the
instsbility was caused by a combination of torgue motor and servovelve dead

bend (and/or hysteresis) coupled with the software compensation network,

ICLS software pcovided the adjustable galne and an adjustable
compensation network that was fine tuned during the ccntrol systems test which
minimized this instablility.

7.2 FUBL LEAK

Fuel was observed iesking frow the fuel control during the wet motoring
pust-test inspection. The fuel control was removed from the engine and taken

to o compenent test cell where the leak was coufirmed., 'The control cover was
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removed and an o-ting was found to be defective. The defective o-ring was
replaced and the control was rveturnad to the engine. Ho further leskage was

obgerved during englne test.

7.3 DOURLE ATHULER COYBUSZIOR CONTROL

eransition from single to double annulay combusiion initially proved
only partly guceasaful bocause of leshy Fusl nozzle cheok valves which allowed
mmﬂiﬁcl& Leskege and resulted in delaved initistion of moin zone fuel while
the monifold refilled. It was necedsary to utilize the wanual fuel split
. control wode capsbility to allow complete wmain menifold f£illing sud schieve
successful transitions to double annular combustion. Figure 55 shows a
succceseful tramsition. KHote the long main zone menifold £ill time prior to

closing the pilet zone valve and fully opening the main zone valve.
1CLS control strategy was modified to automstically trangltion from
gingle sanular to double snnular combustion by the sddition of adjustable

timing of pllot zons roset valve and msin zone shutoff valve sequencing.

7.4 ACTIVE CLEARANCE CONTROL

The compt:ssor and HP turbine clearance control festures ware
thoroughly explored during core testing, utlilizing manual control loops.
Caging thermocouples, intended for use for the automatic clearance control
modes, proved to be incompatible with the FADEC. The cors test thermocouplas
being used were grounded, while the PADEC requires insulsted thermecouples.,
These thermocouples ware insulated for ICLS testing. DUS data taken from core
engine thernocouples in the same location were used to design the casing

tomperature scheduled for the ICLS control strategy.

1.5 SIART RANGE TURBINE COOLIEG SYSTEN

The start range turbine cooling valves which were supposed to be open
éurigg gtarting ond closed at ldle and ahove 4id not close us intended. Tho
resson for this is unkaown. The gsolenoid valve which ports either axblent or
compressor dischargs pressuie to the start range turbine cooling valves was

excrcized durlng the coutrols systems test and was functicnsl. Both atart

130




ORIGINAL pa;

R QUALITY

0[?550 ,_" -u-‘u-u. - Cﬁ“;_
——"Core Speed, ¥pm

5 GO0 e o

“"5 b ¢ Pt : . ; 1 - -

S L O g

oA ermc s e e BT S L et e e oo
—Powor Lover Angls, degrees ? -
150" : S —
N - : o . i
=907 {2000 5 "
T'.’“"‘_"::*"Wéﬁw&-r} TR NI AN f a8 8 B g T AT Pilot Zone Rozet
4 — —~—%iain Zone e oty Full Clesed
::jfilo@ “mw::;:“::::famrg Full - S
-...—"Fuel k”lcrw 0139"1" Ce v Al : -

; - e - DPLIOE ZonEe ReHe LS
pascw v} 1 T
! ey |t .. Reopened |
—-6800 (15,000}

—fotal Fuel Flow,

[

“kg/h (Abn/h)

=0

oy S

|
[

™ . H
CCompraessor Digcherge Pressure,

—Fxkpa_(psia): o
:%430(00\‘.;" e I s
||:204 {400)— NI e
“x b rviamm s Sao———
—HP Turbine Discharge Temparature, -
=E R == e
L1316 (2400); T SO : —
> Closed ' | ! {<Full Position ..
oo () e \3 A U
Y '1?.,"\ Y Y .\\ -
Jl R BRSO R IEEELI A H ;. N \‘
——Main Zona Actuator ¥ - Full Open-—
Stroke cm (im.h) \ pd i
e i o
n ﬂ‘”’&MHHHzualeulf'at:if:'
== T -
__.J‘uel Hode B : B ~Accel Sehedule
I “control by Seleoted
i - ] — “lore Speed .
pragyoss covmmprg gy " Tl
.l A L .
R s

Figure 55. Switch From Single- to Double-Annuiar Combustion.




e, —

s

range turbine cooling valves ware tested by the supplier ond egain in a
component test cell and found to be functionazl. The engine piping was

installed sz intended snd the solenold would "click"” when activated during a
post-test investigation.

Successful storting without the use of 7th stage bleed deleted the
raquirement for the stert ronge turbine cooling system and this system was
removed from the engine early in the core test progess.

7.6  STARTING

Provisions were made for variszble 7th stage compressor bleed (up to 20
percent) ond for simultaneous use of two latge air turbine starters (Hamiltoen
Standard PS600-3 sterters). Testing revealed however that automatic starts
cen be made at simulated sea level static conditions using only one starter
and without bleed. Light-off speed was progressively reduced from 35% to 20%
opeed and the starting fuel schedule was progressively increased to the point
that, with fixed 5th stage compressor stator snd no starting bieed, a measured
start time of 46.5 sec. was achieved,

NOTE: Actual time from fuel initistion to g/ vernor cutback was 29
seconds., Starter air pressure was raised slowly reulting in a longer than
necessary sccel te the fuel inltiation point. On an alrcraft, starter

pressure is brought up quickiy so that & more realistic stert time would be
less than 40 seconds.

Figure 56 is a plot of start times showing the effects of fuel schedule
increases and of changes in the speed at which fuel is introduced into the
combustor.

Pigura 57 and 58 are trarsient plots of starts 27 and 29 which show the
relationghip between core speed, corrected fuel flow snd corrected compressor
discharge pressure. Figuro 59 i: the Sanborn recording for start 27. Cove
speed raust ex;eed 831 Er#t (minimum FADEC detectable speed) before the speed

derivative signal will respond. A lag in the core speed instrumentation
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causes channel 1 (sensed speed) to continue to increase after fuel flow
cutbasek. Figure 57 shows the correct representation of speed during auto
start 27.

o evidence of compressor stall or turbine overtemperature was’

encounterad durlng sny core englne start.

Stort times would have been lesg if actual starter cutput performance
ied boon a8 expected and Lf starter pressure had been brought up nove
repidly. It is cstimated that, for resscns not knowm ab this tims, the

performance of the starter was approximately 28.5% low in starter torque.

The conclusion that the starter has reduced cutput performance is based
on the following snalysis:

1. Core engine rotor unbalanced torque cherscteristics were calculated
from unfired engine ceoastdown datz as shown in Figure 60. The
engine was motored with a Hamlilton Standard PS600-3 sterter (built
for the RB211) to s stabilized maximum motoring speed point and the
storter inlet conditions measured in order to calculate starter
cutput torque using the pre-test predicted starter performance
curves shown in Figure 61. The calculated starter output torque
point was much higher than the core engire unbalanced torque
calculsted from engine coastdown data, indiecating {aat the actual
starter cutput torque was approximately 28.5% lower than predicted

from the estimated performsnce curves.

2. Additional analyses of engine and starter torque were made at the
ctarter cut-out reglon for start 27. Starting dats were sampled 10
times per second and au asccurate calculstion of net engine rotor
torque was made based on measured acceleration rate and rotor
characteristics. Corresponding calculations were nade of starter
torque based on starter inlet data and pre-test predictions of
starter performance. The difference between these two torque
levels is the unbalanced torgque between the turbine and compressor
and it was plotted as shown on Figure 62. There should be no

discontinuity in this unbalanced torque when the starter is cut off
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because there is no abrupt change in cycle varisbles affecting this
torqus but the plot shouws a step increage. This suggests that
actual starter torque was lcweé then predicted. Figure 63 is a
simriine plot with the starter derated 28,5 percent balow pre-test
predictions. The sbsence of an unbalanced torque dizcontinuily at
the starter cut~off point supports the conclusion that stsrter
torque was approximstely 28.5 percent jow. The sctual cause of the
low gherter topque is being investigeted. The starter wes returned

to Hamilton Stendsrd for test. Additional staurter discusgion is

contained in the YCLS vehicle tect results gection.

The starting fuel schedule for the ICLS was redesigned and incorporated
into the ICLS control strategy. Redesign was necessary pvecause the actusl
steady state operating line (fuel flow/compressor discharge pressure vs.
specd) was substsntislly higher than the pretest predicted opersting iine in
the start region. The steady state pre-test and actual cperating line

comparisons snd the pre-test core accel fuel schedule compsricons are shown in
Fligure 64.

For the same inlet conditions as during core engine testing, ICLS start

times would be expected to be under 45 seconds. However, actual ICLS start

"times may be longer then this due to higher gearbox torquas csused by

increasst oil vicosity at thu lower amblent temperatures expected during ICLS

testing.

1.7 SUB-ZDLE TRFLORATION

The FADEC menual fuel control mode provided precise, stable, steady
s | atate control of the engine in the sub-idle reglon, waking it possible to

5' gather valuable data ralobive to the start testing vesults reported sbove.

7.8 SEESOR _ACCURACY

kgg‘ Control system sensing accuracy wes assessed by comparing conkrol

system data on the following varlables with corresponding data from the

extensive verformance instrumentation on the engine.
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1. Compressor inlet tomperature (T25)

2. Compressor discharge temperature (T3)

3. HP turbine discharge temperature (T42)

4. Compressor discharge pressure (PS3)

5. Teotal fuel flow (WP36)

6. Calculated HP turbine inlet tempevsture (T41)

The results of this comparison ara given in Toble $. Inspectlion of

this table indicstes that all FADEC sensoers are very cloge to csil

instrumentation except for 742 in the low speed roglen. This is coused by the

Sifferent temparature profile with single annulsr conbustion. The FADEC uses

thermocouples in only three of the five radial locations sensed by the test
instrumentation.

7.9 FADEC CONFIGURATION

The PADEC used for this core engine testing was
The same clectrical dsign was irplemented in
configuration for the ICLS engine.

control room mounted.

2 newly designed on-cnzine

LS
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TABLE §

C51

FADEC SENSOR ACCURACY
sorbe sbas0d ACCURACY

Table 5 tabulates engine ingtrumentstion and tho deviations of the PADEC Gata fron thiz instrumentation.

o 4725 473 aTaz
o] PCH25R 725 (% Point) 3 (% Point) T42 {% Point)
j Reading  (RFH) (°R) K Diff C°B) K Diff (°R) K Diff
|
o *%235  61.1S (529.7) 294.3 -.34 (826.3) 459.1 -1.97 (1396.2) 775.7 +9.07
e ¥%237  68.51 © (531.8) 295.4 -.28 (5284.8) 431.6 - .87 (1280.8) 767.1 +6.44
. %5238 74.54 (532.0) 295.5 -.24 (969.3) 538.5 -1.24 (1381.7) 767.6 +4.26
242 85.01 (532.5) 295.3 -.15 (1030.4) 605.8 - .54 (1442.4) 801.3 + .6
248 89.53 (528.4) 293.5 +.07 (1157.6) 643.1 -1.07 (1515.7) es52.1 -1.58
251 92.30 (540.2) 300.1 +.11 (1249.7) 694.3 ~1.14 (1709.4) 42,7 - .32
254 95.3% (541.6) 300.9 +.11 (1337.3) 7i2.9 -1.15 (1915.6) 1063.6 = - .31
256 97.28 (541.4) 300.3 +.37 (1383.2) 768.4 -1.53 (2009.7) 1116.5 - .91
258 ¢8.12 (542.7) 301.5 .64 €1468.7) 782.6 -1.67 (2035.1) 1130.6 -1.09
L.
' PS3 8Ps3 8WF36 AT41%
KPa (% Point) Fga (% Point) T41 (% Poinl)
Besding (P3IA) Diff (PEH) Diff (°K) . Diff
235 (43.54) 360.21 - .98 {1001.5) 454.3 -2.04 (1800.5) 1000.3 -2.95
237 (53.44) 258.47 - .69 (1189.4) 535.5 ~2.29 (1819.6) 1010.9 ~2.61
238 {73.58) 507.33 - .03 (1611.8) 731.2 -2.33 (1885.1) 1047.8 -2.60
242 (111.1%9) 766.56 + .04 (2474.5) 1122.4 - .93 €2035.31) 1141.7 + .62
248 {155.22) 1070.24 - .06 (3665.3) 1662.6 - .84 (2183.3) 1215.7 - .64
251 (190.67) 1214.67 - .27 (5023.1) 2273.5 - .12 (2458.53 1355.8 + .50
_ 254 (251.43) 16%4.66 - .63 (7137.5) 3237.6 - 1.3 (2742.1) 1323.4 + .67
: 256 -— - {8535.1) 3872.0 - 2.4 (2853.0} 1523.9 ~1.13
; 235 -— -— {3075.0) 4116.4 - 2.47 {2925.8)16%2.7 - .84

AFADZIC T41 Caleulation adjusted by 135 degreez tc mateh test experience
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8.0 IcLs CONTROL SYSTEM PERFORMANCE

The ICLS controi system with its new, engine-mounted FADEC, performed
very well throughout the engine test program.. Accurate, predictable, _
responsive control of éll controlled varisbles was provided and fiexihiiity v
incorporated in the gystem sorved well in accormedating unenpectod differences
from pretest predictions relative to tr

ansient fuel (low requicensats nng

active cleerance contrel system characteristics. There were ne control system
component failures,

Highlights of the control system oporation are glven below.

8.1 STARTING

The first eigiit starts were made by motoring to maximum notoring speed

(i.e., setting starter air pressure at 380 kbg (S5 psia) angd holding until

core speed stabilized), opaning the stopcock until ignition occurred, and then :

manually increasing fusl flow until idle speed wag achieved. Figure 65 shows
8 typlcal menual start. y
i
All subsequent stertg (9 through 2

} were made with automatic
scheduling of fuel flow.

Automatic starts were made with progressive fuel
encichment, ultinmately using 2 schedule that was hi
schedule by approximately

There was no evidence

gher than the design _ “ b
70% at cranking speed and by 50% near goound idle. 'f V{
of compressor stall during eny engine start. T

Flgures 66 and 67 are two successive startg

which demenstrate the
potentisl for a 44-gecond start.

Figure 66 is a stapt with normal etopcock h
opening (20% PCHHR - approximately 2500 RPN gt these inlet conditio

ns).
Figure 67 is the maximum encichtied start.

Stopcock opening was delayed here o
ne vibrations but 4f 3t had beern "
t would have boen 44 seconds .

because of a falge indication of high engi
opened at 20% PCHHR, time for the star

i
;
,éz
e
- Ce e e e
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Core Speed vs. Time Fuel Flow ve. Time
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Core Speed va. Time ' Fuel Flow vs, Time t
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Data from these starts was combined with engine motoring data and past
test starter calibration data to define the general éhar&cteristics of the ’
engine in the start range. Figure 68 is both a corrected and uncorrected plot
of torgie characteristics for the two enriched starts of rigures 66 and 67,
Pigure 68 nlso shows calculated torque at the highest steaoy stace gpeed
attsined while motoring the engine with the starter as well ss the torque
czleulated from an engine coastdown. The difference between the indicatad
coastdown torgue und the other torgue data is attributed mainly to the fact
that the eagine was warm during the coastdown vith lower viscogity oil and
different internal clearsnces. Figure 69 also illustrates those torque
differencas, WNote the diffcerences in time required to start a hot engine arnd
cold engline. Starvt Ho. 15 was made immediately after a stutdown end start No.
16 wes made aftev a four (4) hour shutdown. Both starts were made using the
same accel schedule enrichment.

8.2 SPEED GOVERMING (CORE & FAM)

For most ICLS testing, the power lever angle (PLA) schedules for fan
gpeed and core speed‘were adjusted so that the core speed azchedule «as in
effect from idle to spproximately 30% thrust and the fan aspeed scnedule was in
effect above that. Figure 70 shows steady state operation nt low power and
Figure 71 shows steady state operation on fan speed control al high power.
Flgure 72 is & steady state plot of switching from core speed to fan sbeed

‘control. The trace of the moede 3ignal is obscured because signal excursions

were limited by recorder respanse.

These plots demonstrate the excellent speed holding capability of the
FADEC and slso verify that switchover between speed control modes was smooth.

8.3  FURL PLOW LIMITS

Limits were impesed on the basic core rotor and fan speed schedules to
prevent excessive HPT inlet “temperature (calculated), encessive LPT inlet
temperature (T42), snd excesrive compressor discharge Lressure (PS3) Thesze
limits were combined un a selection network which established ngioc1*1eb and

ascured smooth ttsnsition between control modes,
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Net Torque - Calculated from Measured Acceleration Rate and
Calculated HP Rotor Polar Moment of Inertia
Starter Torque ~ Calculated from Measured Starter Inlet Conditions
and Calibrated Starter Data Defined by Hamilton
Standard on the Starter used (8/5/83)
Engine Torque - Calculated by Subtracting Starter Torque fyrom Net
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Figure 68. Engine Torque Data Maximum Enrichment (Sheet 1 of 2)
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A. Start No. 28 (Anmbient Engine) DMS 7055-Engine Shutdowa Approx. 3
Hours Prior to Start No. 28 )

B. Stabilized Maximum Motoring Speed Point (Ambient Engina) DMS 23
Maximum Motoxing Made Prior to the First Start of the Day
(Calibrated Starter Data Usad for A and B and b Caleculations)

C. Engine Coastdown from Idle After Fuel Ghui-off {Hot Engine) (DMS 7028)

D. Start No. 27 (Aubient Engine) DMS 7054 First Start of the Day
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Figure 68. Engine Torque Data Maximum Enrichment (Sheet 2 of 2)
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glow accelerations from fan speed control onto the T42, PS3, and TAlC

the Ltwo main factors in the T4l caleulations)

b slow accel was made onto esch limit to demonstrate transition onto

/} the limit and steady state operation on the limits. Figures 73, 74 and 15 are

'~§§ (calculated HPT inlet temperature) iimits respectively. Operation wes

\ﬁ;i aatigfactory o esach Limit. (RotE: T41C was not recorded tronslently hut the
i -

AN pss and fuzl £low traces shouwn on Wigurs 75 was equivalent pecause these are

8.4 ,§,§EE§;§§_§§EQB
. i
B
o garly in the veLs test b was digeovered that the compressor discharge
t

! T3 gensing lead connection in the core cowl ares, suggesting the use of

fneorrect materisl in the lead end/or the connector pins. Because this lesd

pressed through 8 crowded fan frome vVane and wWas difficult to remove snd

temperature (T3 gignal to the FADEC was ervoneously iow by increasing amounts
as ambient temperature in the core cowl aves sncreased. Limited investigation

on the engine indicated the presence of an extra thermocouple junction at the

re-install, Lt was nobt repizced and steps were teken to minimize the effect of

the errov. BY pouting some instcumentation cooling water near the sugpect
connector and making FTADEC zdjustments, it wee possible to use the T3 signal.
T3 ig a facter in the T41C 1imit, the compressor clearance control gutomatie

econtrol strategy. and the sensor failure indicator and corrective action

(rIcA) feature.

A resistance test of the ¢3 lead after test completion revealved that

the chomel and slumel wires were reversed. This created extra sensing

the temperature in the core cowl area jpnereased.

.5  STATOR SCHEDULING

The conventional practice of scheduling compressor stator sngles as 2

functions at btoth ends of the lead &nd enplains why the T5 signel decreased

as

function of rpm &and inlet temperoture wos used for ICLS testing. steady state

gtatoer positioning securacy end stehility was excellent throughout the test.

Figure 76 ig B plot of steady state Mg data polints of stage 1 angle versus

corrected core speed with the schedule line ghown for refecence purpose.
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Transient stator accuracy is difficult to assess preciszely becsuse of
the transient lag inharent in measuring compressor inlet temperature. &
fairly good assesement is possible, however, by comparing the slow end fast
accel/decel transients shown in Figure 77 and 78. This comparisor indicates a
maximm deviation of 40.5 degrees for the fast transient as compared Lo the

slow, essentlally steady state, transients.
8.6 AGTIVE CLEARARCE CONTROL

The active clearapes ronktrol concept whieh uges closed loop control of
caging tcempersturss was demonstrated for the firgt time on the ICLS engive.
Air valve modulation in both the compresser and LP turbine clearance control
systems was successfully used to set casing temperatures as s function of
rotor speeds and inlet temperatures. The casing temperature control mode was
not demonstrated on the HP turbine because an unexpected out-of-roundness
conditlon on the engine made it necessary to shutoff the clearance control air
manifold in the vicinity of the casing thermodouple used for control .eedback.

Figure 79 is a date trace showing compressor and LP turbine cleavance
control mode changes from menual to automatic at &0% fan corrected speed. The
compressor system mode change was made first and it was done from a condition
at which the compressor clearance control valve was in the minimum cesing
cooling position and casing temperature was higher than the schedule. The
valve first moved to the high cooling region, then gradually moved to the
midstroke region as casing tempersture decreaged to the schedule, and finally
began modulating in that region to maintain the scheduled temperature. The
response and stability during and after the transition into the automatic mode

are considered to be quite satisfactory.

The LP turbine system mode change was made with the air valve partially
open in the manual mode and casing temperature near the scéheduled level. The
system becomes somewhat unstable with casing temperature oéciilating
approximately 50F at 0.25 Hertz. This amount of oscillation is undersirabhle
but the unexpectedly high frequency of the oscillation suggests that the
casing thermocouple respense is faster than enticinated. This wxs primacily
due to the thermocouple responding to cooling air flow rather than caéing

tempersture. A ctandard instrumentation-type thermocouple was used here and
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it was attached to the casing using un electrically non-conductive,
cersmic~basad cement which reduced casing-to-thermocouple tharmsl
conductivity. For any future application s sturdy probe or set of probes

would be designed that would provide a better measure of easing tewmperaturce.

?iguga 20 shows a deceleration of 40% corrected Eau 5peed'from the
condition shown in the previcus figure st a rate below that which would
trigrer the sir valve decel shutoff funection. The cesing tempevature
shervunteristics proved to be such that both casings becams holter than
schaduled during the decel Lut the compressor casing later dropped helow the
schodule and remained there even with no cooling while the LP turbine returned

to the temparature wedulating conditiom.

Figure 81 is a similar decelerstion except that the decelerstion vate
waz increased enough near the end of it to cause the alr valve decel shutoff
function tc operate. Both of the active clearance control valves closed as
they should under these conditions.

The msnual clesrance control modes were used to explore the gteady

state characteristics of the clearsnce control systems. The resulting data

era plotted on Flgure 82 in terms of the directly controlled poremeters

(cesing temperatures). Corressponding cleavance characteristics are discussed
{in sections of ttis report that relste to compressor ané turbine wmechanical
performance.

8.7 COMBUSTOR TRANSITION

Initisl transitions from single annular to double annulsr combustion
were made in the manual wmode to determine the necessary FADEC adjustment
settings for fill volume (flow srea set during main zene manifold filling) and
£111 time (time vequired to f£ill main zone manifold). These settings were
then made on the engincering operator pansl and all subsaquent transitions
wore msde in the sutometic mede. Figure 83 is a slow accel showlng the action
of the main zone end pilot gons valves in the automatic wode during
transitien. To successfully traneltion from single annular to double annular

burning, it waz necesssry teo:
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Fill tlhe main zone manifold- and nozzles. For thie, the fill
volume edjustment waa set so that thu engine did not decelerate
Guring filling and the fill time was set at 30 seconds.

¢
Close the pilot zone reset to enrich the msin zene to allow the

main burner to light. MNeote that the pilo§ zone resgset valve is
‘signaled eloged 1.75 secends before the maln zone gees fully

open. Thiz iz a alow (.25 gpm gapvovalve) system and tskes that
long to clese.

Open'the wain zone &s the pilot zone reset is going fully closed.

Reopen the pllot zone reset after transition to double aunular.

Transition to single snnuler from double annular was accomplished

sinply by closing the main zone valve.

8.8  ACCUL/DEGEL TRANSIENTS

A series of throtile burst were made, first with the nominal sceal

schedule and theon with gredually enriched schedules. Minimum demonctrated

time from Fiight Idle to $0% net thrust was approximately 5.5 seconds, wheve

core physical rpm limite (based on the maximum epeed proven safe in core

testing) were rea hed. The meximum design core rpm was not reached becsuse

lack of airfoll irstrumentation during ICLS testing made it prudent not to run

"blind” at unexplored speeds. Figure B84 is a plot of core speed, fan speed,

fuel flow, and stage 1 core stotor angle versus time for this eccel.

Figure 35 shows a 1l2-gecond chop from 90% net thrust to 12% net thrust.

Mo stalls or blowouts wers encountered during the transient testing.

8.9 FAYTLURE INDICATION AND CORRECTIVE ACTICH (FICA)

For FICA demonstration purpozes, the ICLS contrel strategy 1ncofporated

a feature to simulate sensor fallures for each FICA substituted variable (fan

speed XKL, cors speed XKNH, compressor inlet temperature T25, HP turbine
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discharge temperature TA2, and comprassor discharge pressure PS3). Each
senscr was multiplied by an engineering operator panel petentiometer which was .
scaled from .5 to 1.5 (nominal value is 1.0). A switch on the engineering

" operator psnel was uzed to enable the multlipliers.

H
s oy o e g g

. iim,
-

R T T S TR TR, T TR

Ta induce a pimulated sensor failure, tha potentiometer associate& with
the sengor to be falled was sdjusted to a velua beyond the FICA toierance snd
the switch wos then sctivated to create a step change in the sensor value sz
seen by the control strategy. The FICA then substituted the estimated value
for the sznsed vslue. This mathod wes used to demonstrsted single and double

gsengor failures.

The table below summarizes the simulated sensor fallures demonstrated.

(¥0TE: PCHLR refers to percent fan corrected speed.)

]
]
% Simulated
3 Sencor Feilure(s) Eenge Tested Cosments
% Conpressor Discharge Temp. {(T3) 40% PCHLR to Hax T42 Yormal systor opevation
;? HPT Digcherge Temp. (T42) A0% PCHLR to Max Ta2 NMormuzl system operaztlion
E% Compressor Inlet Temp. (7T25) 40% PCHLR to Max T42 Normsl system operastion
t ' .
i ¥an Speed (XYL) 40% PCHNLR to HMex TA2 Normsl system opevatlion
Core Speed (JHH) 40% PCHLR to 60% PCNLR HMsrginally scceptable
system operation
Compressor Distharge Statie
Pressure (P53) 40% PCHLR Normal system operation
KEHL & T3 40% PCHLR to Max T4Z Normal system cperation
;§ KL & TH2 A40% PCHNLR to Max T42 Hormal system operation
?i- ENL & T25 ~ 40% PCNLR to Max TA42 Hormal system oporation

All simulated sensor failures except core speed produced normal
operation both steady state and trensiently. A typical transient with one
simulsted sensor felilure is shown on Figure 86 and a similar transient with

twoe simulsted sensor failures is shown on Figure 87.
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Simulation of a core spead sensor failure produced marginslly stable

T

results. The first attempt was wade with the engine on core speed control at

B
R

just under 20 percent thrust. An instant after the sinulsted fallure,
substituted core speed frow the FICA model jumped to 2 Level above actusl core

Lot peaprlicdts

epeed cazuzing. the contrel to reducs fuel flow zné open the core stators a

siall amount. The qémhinea affecy was a fuel-sir ratle reduction of

gy

gl

sufficient megnitude to causse lose of combustion =nd engine ghutdown.

A sccond sttompt wez made st the sewme thrust luoval but with the PLA

Rt

schedule sdjusted so that fusl flow was under fen speed rvather than core speed
control, Simulation of n cora apecd sensor fslilure csuned the engine to break .

into on oscillation as shown on Yigure 83. Adjustment of the PLA schedule to

re~establish core spesd controil of fuel flow causced the smplitude of the

oscillations to increase.

Preliminary analysis of this second attempt indlcated that.the
oscillation wes sggravated by the core ststor offect on air flow through fan
and core speed. In an attempt to reduce this effect the servovalve null shift
compensation in the stator control loop was deleted and & third simulation of i*
& core speed sensor fallure was made at the same conditions as in the pravious §
attempt. As chown on Pigure 82, this agein produced am oscillation but it was :
smaller in amplitude than in the previous cese. A slow scceleraticn to 40
percent thrust caused no increase in the escillation but an sttempt to 3

re-esteblish core speed control of fuel flow by PLA mchedule adjustment had to

be ebandoned beceuse it produced excessive oscillation smplitude.

~ Time did not permit wmore extensive investigation relative to FPICA cove
speed sensing substitutions. A further investigation should evaluate
potential inprovements such as the incorporation of coce stater effects in the
FICA model and the modification of Update Matrix coefficients sfter sensor

substitution.

ovarall, the ICLS FICH testing was e worthwhile step forward in the ‘

evolution of this processing soncept for improving future engine control

systen operation raliability without added hardware. Simple FICA

implementatians have been tested in the pact but the ICLS FICA brought

together an engine model baged on component equations and a multiple-clement
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Hodel Updete Hatriz that, in combination, cffer improved potential for full
flight msp suitablility. The ICLS testing showed this combinotion to be

generally sotisfactory end identificd potential improvements for future
evaluation a8 noted above.

8.10 FADDC OLERATTIEG GOUDITIONS

The cu~engine FADEC operated satisfactorily ghroughiout the TCLS test.
1t wos smunted on the ocutside of the Cen frawe at tha 3 oclock position (aft
looking forward) uslug four soft ieolation mount elemsnts. Vibratlen
charactoristics in this viecinity were recorded and are discussed in the Engine
Dynemics section of Reference 3.

EADEC cooling air was supplied from the teét facliity at spprowimately
172.4 LPa (25 psia) and at essentlslly ambient t@&yevg&UfQ. ¢aleulatsed
sirfiov et thess conditions is 0.011 kg/sec (0.024 ibg/sec) as limited by the
0.9525 cm (3/8 inch) inlet fittinz on the FADEC cooling menifold. Internal
teaperature of the PADEC faa 6°C té 11°¢ (10°7 to 20°F) above amblent
temperature with the manizum &lfferential when the FADEC wag in divect
sunlight and the minimum diffeventisl at night.

8.11  SUITCH TC RECK-UP

Yor safety reasong, an FLOl hy&rcm@chaﬁical fusl contrel was iacluded
a8 & fusl end stator backup for the single channel FADEC. Hoceuse of
axcellent PADEC operation, the backup was not needed at any point in the test
program but an intentional seltchover t6 the backup wods proved the
guitebility of thig design as ghown in Pigure 90.

194

{
i

T TR



R R TR

1120077

11000-

Core Spesd, TPE

104004+

10200 '5""10
)]
Time, Sec
Fvcore
CRICINAL PAGE 3
OF POCR QUALITY
Fuel Flow ve. Time
RDG No. 7031
360'1 \“
300*ffﬂi it z\
@ 240 E él
S, * H
‘ﬂ M
~ 180 :
O .
2 1 |
= 120 X
60 \
0 bt b ‘ ..,::I
0 5 10 15 29 25 30
Time, Sea
wr36

10800},

10660 -

Ccore Speed V8. Time
RDG Ko. 7031

Fan Speed vs. Time
7031

2400 T
2000 §
8 '
e .
% 1600 a:i
& :
(7 ¢
=
(5]
e !
1200 1
i
800 i
30
Fvfano
Compressor pischarge Static
Pregsure ve. Time
RDG No. 7031
200 TTTT T b T
160
e .
2 120 o
o i
-t
@
4 80
40 ;
{
0 IR CEE S I .__i
5 s 10 15 20 25 30
Time, Sec
P53100

Figure 90. frip to Backup Control

195



ot

196

(2
.

9.0 REFEREHUCES
Reitler, R.S. and Lavash, J.P. "Energy Bfficient Engine Controls
and hecessories petail Design Repoct™, BASA Renort Humber CR1680L7,
pecenber, 1582.
Pennatt. ©.W,, "ILCLS Control System Test Home®™, Ceneorsl Electric
Report Ko. RE3LER2LE, 1983,
atenrns, B.08. and tavis, 2.Y. »Integrated Core/Low Spool {(ICL3)
Pest Yehicle Decign and parformance Report”, MASA Report Ho.
CR168211, 1984.




1. Raport Ko, 2. Governmnsni Ascuision Ko, 3. Recipiant’s Cataiod No.

CR-174651

4, Titks eng Sukaiths

Energy Efficient Engine - Control System
Component Performance Report

§. Heport Date
October 1904
§. Pertorming Crganizstion Coga

7. Authority 8. Performing Organization Report No.
R.S.Reitler '
REIAERG2I

G.W. Bennett
8, Vharh Uit Mo,

8. Fertormdng Qrousastion Mane eng Adgdue
General Electric Co. 9%, Cunergst of Grant Mo, ‘
Aircraft Engine Business Group o '
Evendale, Ohlo 45215-6301 NAS3-20643

13, Tyoe of Beport snd Peried Cosered

13, Soormaring Ageney Same srd Addres Topical
Rational Acronautics and Space Administration
; Lewis Research Center
. Cleveland, Ohio 44135
o6, Supplomantsry Motss
KASA Project Mamager: Mr. C.C. Ciepluch
NASA - Lewis Research Center
Cleveland, Ohkio 44135

14. Sounsoring Agoncy Code

4 13. Abctrect o
% An Energy Efficient Engine (83) program was established to develop technology for

¢ improving the energy efficiency of future commercial transport aircraft engines.

i As part of this program, General Electric designed and tested a new cngine. This

5 report summarizes the design, fabrication, bench and engine testing of the Full

Authority Digital Electronic Control (FADEC) system used for controlling the E
Demonstrator Engine. The system design was based on many of the proven coucepts y
and component designs used on the General Electric family of engines. One sig-~ &
nificant difference is the use of the FADEC in place of hydromechanical computation
currently used.

PURF RN L R

% 17, Ry Words (Guzgeoted by Authar (sl ) 10, Dictribution Swatomsnt
. FAGEC (Full Authority Digital Electronic

Control)
Energy Efficient Engine
Failure Indicaztion and Corrective Action

19, Security Classif. {of this report) ) 20. Gecurity Clussif. (of this pege) 21, No. of Pagus 2z, Wiea”
Unclassified Unclassified 199







